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YSICAL PROPERTIES OF CASE HARDENED STEELS 
By O. W. McMULLAN 


; lbsti acl 


Phis paper consists largely of a number of tables 
if test data and curves derived therefrom on several of 
the physical properties of both the case and core of casi 
ardening steels, along with the necessary descriptr 
natter and the conclustons arrived at from the results 
Fests for hardness, strength of bars in bending, of notched 
and unnotched tmpact specimens, for distortion, for wear 
resistance and for resistance of the case against crush 
ing are described. Several of the more common. steels 
in both fine- and coarse-grained sizes with low and high 
carbon cases and some less common steels were used im 
making the tests. The influenc 4 of CASC depth CUS study d 
hy carburizing specimens to from three to four different 
depths. All samples were carburized in solid compounds, 
Three heat treatments were given: a direct quench from 
the carburizing temperature referred to as pot or boa 
quenching, cooling in the box followed by a single reheat, 
and by a double treatment. Phe influence of drawing 
temperature on a few samples is reported Phe write 
had in mind mainly the suttability of the steels for gears, 
and the single treatments especially are such as are usually 
recommended for that purpose. A few test results on 
medium carbon oil hardening steels are included for com 
parison with case hardened steels. 


INTRODUCTION 
, THERE are being used a considerable number of case hardening 
steels for gears as well as other case hardened parts. Some 


plants have standardized on one or two types of steels for gears, 


while others are using different types of steels for parts under simi 


lar service requirements. ‘There has been considerable discussion and 


disagreement as to the most suitable grain-size to use in any one 


teel. The same can be said for the carbon content of the case and 


he depth of the case as well as the method of heat treatment, that is, 


all the part be pot quenched, cooled in the pol ancl reheated once, 
given a double treatment ? 


\ paper presented before the Sixteenth Annual Convention of the Society 
in New York City, October 1 to 5, 1934. The author, O. W. McMullan, 
hief metallurgist with the Timken-Detroit Axle Co., Detroit Manuscript 
ved July 5, 1934. 
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Durine the last three years, hundreds of tests have bee) 
on several steels and while some have not showed much dist 
among the various steels nor pointed to any definite conch 
others have showed very strikingly, differences both in typ 
and methods ot heat treatment Many tables are listed to sho 
positive and negative results, so that the reader may arrivi 


own conclusions from the data presented. There are naturally 








IICONSISTCHCIC in results, but a PALA duplicates ot tests hay 


made as time has permitted 


STEELS USeEp 



















Che steels used were six of the most common types ot} 
hardening steel, namely, S.A... 1020, 2315, 2512, 3115, 4615 
Ol15. It was planned to test both fine-grained and coarse-gra 
teels of each analysis, except the S.A... 6115 which could not 
obtained coarse-grained. ‘The two heats each of S.A... 2315 Un 
lolS were very good examples of fine- and coarse-grained heat On 
the S.A... 1020 reasonably good, but there were scattered coat 
erams in the fine-grained heat. ‘There was not the desired cont: 
hetween the fine- and coarse-gramed heats of S.A. 2512 and 311 
Both of the S.A.re. 3115 heats were of mixed grain-size. It h 


heen found that those heats having a mixed grain-size might 
















termed border line heats, that 1s, 1f carburized at a slightly low: 
temperature they wall not exhibit grain growth and wall be fin 
grained, but if carburized higher will develop grain growth and | 
coarse-gramed his explains disagreements in grain-size 1 

on such heats are not carried out under identical conditions. ‘Tin 
as well as temperature has an important influence. In addition to 
the above eleven heats, a limited number of tests were made on 
other analyses he analysis, graim-size and method of manutacture 


‘Table I. 


and key number otf the steels are listed in 








MICROSTRUCTURES OF STEELS 


Che grain-size and normality of steels are considered by many) 







to have an important influence on their physical properties. McQuaid 
Ichn tests were made at 1700 degrees Fahr. on all steels used in t! 
investigation and those on which the majority of the tests wer 
made are shown in Figs. 1 to 11. It will be noticed that some are di 


tinctly normal, while others show more or less thickened and broke 


CASE HARDENEI 


Table | 


Chemical Analyses of Steels Used 


Per Cent How 

I’ Ni Ct SI ? Made 

O29 { ) } ; HH 

017 ) 0.22 , >. 

O12 3.62 3 OH 

O16 » ; Ou 

019 . 

022 kt 

Ole y : KI 

O30 >? ) iF 

019 KI 

EF 

6115 76 019 3 O18 19 K.F 
Ni- Me 82 ) ) ' Induction 
r-Ni- Me a.) 7 4/6 Induectior 

Krup] : 5 ; ; E.F 


$820 i 
$341 } } ) I 
tO4l } é } : k 
140 ’ ; ; O.H 


rbide boundaries. ‘They could not be called distinetly abnormal since 
there is no actual separation of ferrite around the grain boundaries 
(ne steel not shown, S.A.E. 4640, was abnormal he distinctly 
ormal steels tend to show spines of carbide in the outer part of the 
e while the less normal, even though fairly coarse-grained, do 

t do so 
the cores in general tollow the grain-size otf the cases. Steel 
o. 1, 1020, although showing a mixed grain-size in the case, was 
fairly uniform in the core, while No. 3 and W, 3115, were mixed in 
both the case and the core. Steel 4, 4615, showed a slight mixture 
} grain sizes in both case and core. Steel 6, 6115, was unusual in 
that it had a very fine case and badly mixed fine and rather coarse 
ore. A lower carburizing temperature or a short time of carburiz 
ing, five hours or less in the furnace, produced a fine-grained uni 
torm core. Steel 4640 also had a very fine case and a mixed core 


steels, 2, 3, 4, U, W, IX, and N, showed some banding in the cor 


it none were extremely banded. Steels 7 and 8 were made in a 


mall induction furnace and cast into ingots four inches square ot 
bout 30 pounds each. The ingots were forged into bars 1'%-inch 
und, but the work was not sufficient to entirely eliminate the cast 
ructure, especially in No. &. 
The microstructures of the heat treated samples were all much 
might be expected from the type of steel, grain-size, case depth 
heat treatment given. All the samples except some of those 


thin case depth and low carbon content, contained austenite when 





TRANSACTIONS OF THE 


Steel No. 1, S.A.E. 1020 x Fig. 4—Steel U, S.A.E 
Steel T, S.A.E. 1020 Fig. 5—Steel No. 3, S. 
Stee] No. 2, S.A.E. 2315. xX Fig. 6—Steel W, S.A.E. 
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PROPERTIES OF CASE HARDENED STEELS 


Steel No. 4, S.A.E. 4615. < 100. 
Steel X, S.A.E. 4615 x 100 
9—~Steel No. 5, S.A.E. 2512 x 100 


10—Steel Z, S.A.E. 2512. The Light Spots were Caused by To 
nd are Martensite and not Ferrite. 


lla—Steel No. 6, S.A.E. 6115. x 100 


» Rapid Cooling 


llb—Steel No. 6, S.A.E. 6115. > 100. Shows Variation of Core Grain-Size. 
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steels when so treated. 











samples have beeu briefly summarized in Tables II to IV. 









Tests AND Test SPECIMENS 







the cased portion under load more readily determined. 












quenched direct from the carburizing box. Several of 
steels contained austenite in the single treated samples, 
was observed in the double treated samples, but the fine 


least amount of austenite, 3115 and 4615 next and about eq 


spheroidized excess carbide while the others showed none 


layer which seemed to crumble and wear away quite readily under 





the 
but 


gra 


those samples may have made it less distinguishable. The a: 
of austenite depends upon the alloy content, the carbon content 
quenching temperature, if the cooling rate, etc., is the same 

depth is a factor, since deeper cases have a deeper border ot 
carbon content. The S.A.E. 1020 steels (water-quenched) hi; 


i 


amount, followed closely by 6115 with a little more. Steels 
1820, 2512 and Krupp contain the most austenite in about the | 
named. The coarse-grained steels appear to have more aust 
than the fine. Comparisons were made on pot-quenched sam; 
as other hardening temperatures were not identical on all ste 
S.A.E. 6115 was unusual among the more common steels since w! 


pot-quenched, its surface layer contained a considerable amount 


Its pre 


ence may be connected with the fact that this steel had a surfac 


file. Krupp also showed some carbide in the pot-quenched samp| 
Figs. 12 and 13 which are of pot-quenched S.A.E. 4615, are typica 


examples of the difference in appearance of fine- and coarse-grain 


Because of the influence that structure may be considered to 
have on physical properties, the microstructures of the heat treat 


Static tests for case strength were made on bars 34-inch squar‘ 
and 10 inches long and cased on two opposite sides. The bars wer 
supported 8 inches apart and loaded at the center with the case on 
the top and bottom. The sides were not case hardened in order to ma 


The meat 


of preventing case on two sides of the pot-quenched bars was by 
shaping and grinding 1%%4-inch round bars to 34-inch flats, coy 
per plating, then shaping and grinding the remaining two sides 
leave 34-inch squares. The reheated bars were first made into flat 
carburized and cooled in the box, and the remaining two sides 
ished to make 34-inch squares before reheating. A few tests we! 








PROPERTIES OF CASE HARDENED 


Table Il 
Microstructures of Case Hardened Steels 


Pot-Quenched Samples 


Microstructure 


Case fairly fine, martensite-austenite Core mixed grain-size martensitt 
with troostite and territe in the boundaries No austenite im the low 
carbon cases and the core is finer Shallow cased impact specimens have 
tine core but grain-size increases with case depth due to imereased earthy 
rizing time. The same is true of the impact cores on most of the other 
steels 


Similar to above but coarse case and core 


Fine austenitic-martensitic case Core fine martensite-troostite Amount 
and depth of austenite in all samples increases with cast 
austenite in low carbon cases. 


Similar but coarse-grain case and core. 


Fairly fine austenite-martensite case. Core is martensi 
ible in grain-size but rather coarse 


Same as above 


Fine austenitic-martensitic case Fine troostitic core with coarser grains 
ot martensite. 


Same but coarse-grained. Core uniform 


Medium austenitic-martensitic case Much austenite Fairly fine mar 
tensitic core. 


Similar to above but coarser case 


Fine austenitic-martensitic case Excess carbide in case Medium to 
rather coarse martensitic-troostitic core in high carbon samples Low 
carbon cores are fine-grained since carburizing temperature was too low 
for grain growth. 


Fairly fine case Much austenite, some carbide Martensitic core 
Grain 7 


4820 Medium austenitic-martensitic case Martensite with some _ troostite’ in 
Grain 7 core 


$340 Fairly fine austenitic-martensitic case and core 
Grain 6-7 


Cr-Ni-Mo Coarse austenitic-martensitic case Martensitic core with troostite bound 
No.7&8 aries in No. 8&8. 
Grain 4 


made on bars cased all over and also a few on round bars 7%-inch 
in diameter to determine the influence of shape on the results. 
lzod impact specimens were the standard 10-millimeter square 
bars with 45-degree notches two millimeters deep, but made long 
enough so that two notched and two unnotched tests were made on 
each specimen. They were cut from 7%-inch round bars. 
Distortion test specimens were designed as shown in Fig. 14 
‘y were cut from bars 1'%4-inch in diameter. An attempt was made 
th a simple design to approach the conditions found in a gear, that 
to have a relatively small portion to compare with a gear tooth, 


nd out from a larger body of metal. The distance between points 
nd b, also c and d, were measured before carburizing, after cool- 
in the pot and after final heat treatment, by an amplifying in- 
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Fig. 12--Case of Fine-Grained S.A.E. 4615 Steel Quenched Directly from the Ca 
burizing Temperature x 100 

Fig. 13 Case of Coarse-Grained S.A.E. 4615 Steel Quenched Directly from 
Carburizing Temperature 100. 


dicator to the fourth decimal place after removal of scale. This 
vave the amount of twisting as well as the closing in or spreading 
out of the prongs. 

Case crushing tests were made on the end portions of the bend 
test specimens not affected by that test. The loads were applied by 
a special alloy Brinell ball and the diameter of the impressions read, 
and any sinking or cracking of the case noted. A few checks also 
were made with hardened rods in place of a Brinell ball. 


Wear tests were made on the broken pieces of impact specimens 


Chose sections between notches were used since they had not been 


bent in that portion. They were tested on a Timken Roller Beat 
ing Co. lubricant testing machine. This essentially consists of a beat 
ing cup about 2 inches in diameter, rotating at about 500 r.p.m. Thi 
specimen is stationary and carried in a lever arm on which weights 
nay be hung. The contact is between the outer face of the cup and 
the specimen, the length of contact being the width of the bearing 
or one-half inch. 


Standard tensile and Izod test specimens were used for detet 





PROPERTIES OF CASE HARDENED STEELS 


Table Ill 


Microstructures of Case Hardened Steels 
Single Treated Samples 


Microstructure 


Fine martensite case with increasing network and = spheroidized carbide 
with imcrease ot case depth Fine core martensite, troostite and territe 
Che ettect of longer carburizing time on coarsening the core grain-size 
till plainly visible Che same is true of some of the other steels 


Similar but a little coarser grained 


(ase tine martensite with some austenite in deeper cases Because of 
partial decarburization during reheating, the austenitic containing layer 
hes below and not at the surtace as in pot quenched sample Core fine 
martensite and troostite 


Similar to above but medium grain-size. 


Fine martensitic case No visible austenite Kxecess carbide network 
increases with case depth Core tine martensite and troostite, some territe 


Similar to above 


line martensitic case with a little austenite in deeper cases but not in 
low carbon cases Fine troostitic core 


Similar to above but case and core a little coarser 


Fairly fine austenitic-martensitic case, but little austenite in shallow and 
low carbon cases Martensitic core 


Same as above 


Fine martensitic case with spheroidized excess carbide Trace of austenite 
im deep case ine troostitic core with some ferrite 


Kine martensitic case and core, not much austenite Some spheroidized 
ond network excess carbide 


kine martensite case Some austenite but no visible excess carbide Core 
martensite and troostite 


Fine martensitic case and core Kine network of excess carbide Sam 
ples drawn at 400 and 800 degrees Fahr. are quite similar in appearance 


Fine martensitic case and core Some spheroidized, some network of car 
bide No. 8 shows dendritic outlines and the impact specimen showed 
an austenitic network independent of the carbide network 


mining core properties. After normalizing, the specimens were 
icked in sand and heated at the carburizing temperature for 8& 
urs and quenched from the box or cooled in the box and reheated 
desired to correspond to case hardening treatments. ‘They were 
machined from bars 7@-inch in diameter. 

The values given throughout the paper are in most cases aver- 
es from several readings. Over two tons of steel were used in 
iking the laboratory test specimens. An outline of the tests made 

the number of duplicate samples are given in Table V. On 

e specimens, such as for impact and case crushing, several read 


were made on each specimen. 


Che high carbon cases were obtained by ordinary carburizing 


tice at 1700 degrees Fahr. (925 degrees Cent.). This procedure 


ecially with the deeper Cases vives considerable excess carbide 
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in the case he low carbon cases were obtained by carbur 
in bone meal at 16000 degrees Fahr. (870 degrees Cent.). Thy 
tention was to produce cases of eutectoid composition, but thi 
cessive time required for the deep cases resulted in the forma 
of some excess carbide. Subsequent tables giving zone depth 
the case indicate roughly the amount of excess carbide. All 
burizing was done in regular production furnaces. Since ther 


‘ome variation in conditions such as size of container used, anv 


‘§ other work in the furnace, etc., the carburizing times stated can 
not in some cases be used as a measure of the rate of carburizin; 
of the various steels. Many samples were run under identical con 
ditions and the observations made on carburizing rates will be mei 


tioned. In all cases the fine and coarse-grained sizes of any one ste 





were carburized in the same container and, therefore, directly com 





parable. It is not an easy matter to measure case depths since, to 





example, if S.A... 1020 and 2512 are to be compared at the san 





cooling rate, the latter even when cooled in the container shows som 





tendency toward hardening and suppression of ferrite separation and 





apparently to have a deeper case than true equilibrium condition 





would show. The case depth measured is probably a good measurt 





ot the effective depth in the finished piece when hardened. 





Che case depth measurements on the bars are given in Tabl 





Vl and VII. By excess zone is meant the depth of case showin; 





excess carbide, the saturated case is the depth to the first appeat 





ance of ferrite and includes the excess and eutectoid zones, and th 





total depth is all the case showing any noticeable increase in carbo 





content over that of the core. All measurements were made at 1% 















lable IV 


Microstructures of Case 


Hardened Steels 
Ire 


ited Samples 


Microstrt 
Very fine martensiti 
Ihe surtace 
ation 
ind 


case Deeper 
lave! 


| 
contains no 

in this and other 
! some troostite Phe coarsenin 
lepths has been mostly eliminated | 
Similar to above but a little coarser. 


exces 


steels also 


line martensitic case Ni 
troostite with some martensite 
Similar to above but a little coarser 
martensitic case with some network 
re of martensite ind territe 

wove 


rime martet 


\ corn 
lecarburized lave bine core ot 
Fine martensit 


Cast with 
patches of troostit 


marten 


spheroidized 
martensite, 
spheroidized 


carbi 
‘ itic « Martensitic-tros 
bine 


} 
and 


Stiti 


martensiti 


troostite 


ise with spheroidize 


Table V 


Outline of Laboratory Tests 


Different 
No. ot Heat 
N 


Carbon 
». of Case Treatments 
Depths 


Contents 
mn Bac h 


Duplicates 
in ¢ 


Total 
(srain Size 
ase of Each Test 


Each Type 
ot Steel 


Kach Stee 
| 
} 


Not completed 


imeters on samples cooled in the container, the container being 
moved from the furnace and allowed to cool in air 


The S.A.E. 1020 and 2512 bars were each carburized in a sepa 
box of 


the same size. while the 2315, 3115, 


1615, and 6115 
e all carburized together in one larger box and hence under more 
ntical conditions. The smaller container 


should promote more 









lable VI 
Case Depth of Pot-Cooled Samples 












fron ‘ Square Bat for Bend ‘Tests High Carbon Cask 






Case Depth 






teel and lime it kexee Zone Saturated Case l 
(, ( Furnace Inch Inch 
) 6 Hlout O00 0.01 
(ira | Hout 0.02 0.039 
Hlout () i)? O.05] 





blour U.USZ 0.054 


Hout 













LO10 0.01} 













(arau 1) Hout O.05T 0.041] 
| lout 0 0.051 

Hout 0.03 0.054 

I 6! lout O.020 0.024 
(srau | Hour O.U30 OU.038 
flout 0.0 0.043 

Hour 0.044 0.054 

614 Hour 0.01 0.022 
Grain 11 Hour 0.030 0.03 
; l Hlout O.034 0.039 


’ Hour 0.041 0.04 










Hout 0.02 0.031 \ (044 


(arain 11 Hous 0.031 0.044 
4 Hout 0.030 0.0 
’ Hour 0.04 0.06) 
11 (,! lHlour 0.0] U.0L2> } 
(Garain 1) Hout 0.029 0.043 0.071 
6 17 Hour O.031 0.051 i 


> Hout 


» Hour 0.014 0.018 









0.041 0.U608 








161 











(srain 1] Hours .O2 0.036 0 OF 
8 17 Hours 0.033 0.043 0.0 

’2 Hours 0.034 0.048 0.0 

161 6! Hlours Oo] 0.024 0.04 
(srain 11 Hlours 0.030 0.0233 0.0¢ 
} 17 Hours 0.032 0.041 0.0 
’2? Hours 0.03% 0.054 0.0 

LZ 6 Hours 0.0] 0.018 0.034 
Grain 11 Hour 0.024 0.03 0.0 
6-7 17 Hout 0.031 0.044 0.0 









> Hour 0.034 0.048 0 


» Hour 0.0] 0.024 0. ( 
































(;rain 1] Hlour O.024 O.055 () i 
) | llour O.030 0.045 O.O7¢ 
Hlour 0.031 0.050 0. Lh 
611 o! Hlout OO] 0.029 0 044 ; 
(srain ll Hour 025 0.048 0.0 A 
5 ] Hlout O32 Ooss ov 
’ Hou: 0.044 0.074 
Krupp Gr 14 Hour 0.025 0.046 0.0¢ ti 
S20 Cit 14 Hour 0.020 0.042 0.061 
24 T 
1540 14 Hout 0.032 0.061 0.08 ‘ 
(rain 6 
{ 
Cr-Ni-Mo 11 Hous 0.023 0.039 0.0 
(srain 4 ] 
Cr-Ni-Mo 11 Hout 0.024 0.046 0.06% 
(;rain 4 . 










rapid carburizing. ‘The remaining steels were carburized at diftet 
ent times and cannot be compared with the others. Steels 4340 
Krupp and 4820, were carburized together in the same contaie! 
and may be compared as to carburizing rate. 


he impact specimens of Tables VIII and LX can be compar 






PROPERTIES OF CASE HARDENE! 


Table VII 
Case Depth of Pot-Cooled Samples 


Bars Carburized in Bone Meal 
( ase Depth 
lime in bexce Zom Ss ited Cas 
hurnace Inch Inch 
lo Llour O.000 0 O06 
‘4 llour O O06 0.0] 
4 Hour 0.01 0.0 


16 Hout 0.000 O00 
4'4 Hour 0.00 O.O1s 
4 Hioutr O.020 oo 


Hout Prace 0 
lout 0.01 0 
‘6 LTlout 0.031 0 


lout Prace 0 
Hout 0.01 0 

.oO Hout O.020 i) OO 
Hout 0.003 0) 
Hour O.018 ‘) 

46 Hout 0.022 ‘) 
Hour O00 0) 
Hour O.020 ‘) 

$6 Hour 0.02 0 
Hlours 0.000 0 
Hour 0.014 0 

6 Hour 0.01 0 
Hour Prace ) 
Hlout O.015 O.0 

6 Hour O01, 0.03 

Ls! Hout Prac 0.0] 
Hours 0.017 0.031 

,6O Hours 0.020 0.034 

Hout 0.000 0.015 
$44 Hours 0.014 0.031 

6 Hour: 0.020 0.041 
Hlour 0.00 0.0 
Hlour 0.020 0.044 

‘oO Hout 0.017 0.044 


in much the same way as the bars in ‘Vables VI and VII, except 
that the 1020 specimens with the high carbon case were run under 
lifferent furnace conditions than any of the others. 

Some previous checks have shown a tendency of coarse-gramed 


teels to have deeper cases than fine-grained, but the results of these 


tests do not entirely confirm this. There appears to be some tendency, 


especially with the 2315, to build up as deep or deeper excess zones 
n the fine-grained steels, but a greater total depth of case on the 
coarse-grained steels. This may be a result of hindrance of cat 
n diffusion by grain boundaries. As mentioned, none of the steels 
d were what might be called abnormal, the tendency being to 
rd thickening and breaking up of carbide boundaries in the fine 
uned steels. It was noticed that the S.A... 2315 had a very 
row eutectoid zone, in some spots excess carbide extending to 


ost the beginning of free ferrite. The depth measurements given 











fable VIII 


Case Depth of Pot-Cooled Samples 










Impact Specimens—High Carbon Case 
Case Depth 
eel and Time it Iexcess Zone Saturated Case Tota 
(srain-Si Furnace Inch Inch 
Hours 0.007 0.01 
(jrait ; Hours 01 0.029 




































11 Hous 0.018 0.031 
| 5 Hours 0.012 0.018 
(srait + Hours 0.018 0.027 

) 11 Hours 0.02; 0.036 
2315 >; Hours 0.017 0.018 
Grain 614 Hours 0.024 0.029 

; § Hours 0.037 0.042 

] > Hours 0.015 0.019 
Grail ( Hours 0.020 0.024 

2.3 8 Hours 0.03 0.041 
115 ) Hours OLS 0.022 
Grain 644 Hours 0.020 0.031 

, 8 Hours 0.034 0.051 

11 ») Hours 0.015 0.024 \4 
Grain 6% Hours 0.020 0.031 0.0¢ 

6 8 Hours 0.032 0.049 0 OR¢ 
161 Hours 0.014 0.020 ) 04 
Grain 6 Hours 0.017 0.024 ) 

s 8 Hours 0.034 0.044 0 
1615 Hours 0.015 0.020 0.04 
Grait 6 Hours 0.022 0.032 ) Or 

5 8 Hours 0.034 0.048 0.09 

12 ) Hours 0.017 0.022 ).04 
Grain 6 Hours 0.013 0.028 0.058 
6-7 8 Hours 0.032 0.044 0.08 

a1. > Hours 0.015 0.020 0.04: 
Grain 6 Hours 017 0.031 0.061 

) 8 Hours 0.024 0.041 0.079 
oll » Hours 0.015 0.025 0.044 
Grain ( Hours 0.020 0.034 0.061 

& 8 Hours 0.032 0.052 0.08 

Krupp Gr 8 Hours 0.020 0.042 0.061 
$820 Gr 8 Hours 0.015 0.030 0.048 
4340 8 Hours 0.030 0.059 0.078 







(;rain 6 
Cr-Ni-Me Hours 0.024 0.041 
(srain 4 


Cr-Ni-Me Hours 0.024 0.046 
(;rain 4 













are in each case on one sample only and comparisons will be mad 
later on hardened case depth measurements. The S.A.E. 6115 ap 
pears to be the most rapid to carburize, followed quite closely by 
3115, then 1020, 2315, with 4615 and 2512 the slowest and at about 
the 






Same rate. 








HEAT TREATMENT OF THE STEELS 





\ll samples were drawn 1 hour at 325 degrees Fahr. in 
Hlomo furnace unless otherwise stated later in tables of results 


Samples carburized in bone meal were, in case of pot-quenched sam 
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Table IX 
Case Depth of Pot-Cooled Samples 


Impact Specimens Carburized in Bone Meal 
( ase Depth 
lime Excess Zone Saturated ( 
Furnace Inch Inch 
Hours 0.000 000 
Hours 0.00 0.0] 
Hours 0.014 } 


as¢ 


Hour 0.000 
Hout O.00, 
Hour 0.000 


Hour OOO0 
Hour 0.007 0.017 
Hout 0.031 0.034 


Hour 0.000 ,o0 
Hour 0.011 0.014 
Hour 0.028 1031 


» Hour 0.000 0 008 
Hour 0.010 )O2¢ 
Hours 0.024 on 


> Hours 0.000 006 
Hours 0.012 1024 
Hours 0.026 05? 


Hours 0.000 006 
Hours 0.007 0.017 
Hours 0.017 0.034 


3% Hours 0.000 0.01 
14 Hours 0.007 0.010 
Hours 0.024 031 


l 
Hours 0.000 O08 
Hours 0.007 0.01 
Hours 0.024 0 024 
Hours 0.000 0.010 
Hours 0.020 
Hours 0.017 0.034 


Hour 0—0.003 0.016 
Hour 0.014 0.031 
Hour 0.028 0061 


Table X 
Heat Treatments of Carburized Steels 


Pot Quench Single Treatment Double 
Degrees Faht Degrees Fahr De 
1700-Water ] 
1700-O1l ] 
1700-Oil l 
1700-Oi1] l 
1700-Oil ] 1550-Oil 1350 
1700-Oil 162 1650-Oil 147 

] 

l 

] 


Treatme 
g grees Faht 
} 16 Oil 1425 
4 550-Oil 1320 
} ! 1550-Oil 1425 
5 1550-Ol1l 1400 
4 
6 


1700-O1l 500-Oil 

1700-Oil $50-Oi;l 1550-Oil 1400 
1700-O)1] 4$75-O1l 1550-Oi11 1400 
1700-Oil 1525-Oil Pot Quench 1400 


es, quenched from the carburizing temperature of 1600 instead of 
|/OO degrees Fahr. as listed in Table X. 


RESULTS From BEND TESTS 


Che bars 34-inch square were cased on the top and bottom 
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sides only, supported 8 inches apart and loaded at the « 
Deflection readings were taken at the center for every 200 pr 
of load applied. It was at first attempted to determine the occur 
of the first crack by hearing, but this was found impossible in 

of the alloy steels. It was necessary to use an oblique light 
watch for cracks to appear. They could be detected quite rea 
on the surface as cleaned after heat treatment. In many cases 


started slowly at one edge or the other, sometimes in the cent 


the bar, but many times also they occurred with a click across 
entire bar. ‘The first crack was recorded because it is believed 
the life of a case hardened part would be short after the case | 
once cracked. except for the thinner cases in some of the a 
steels, the first crack was at or very close to the elastic limit. T' 
stress and deflection at the first crack of the case, and at the maximu 
load are recorded in the tables. The breaking load and maximui 
deflection were not always identical with those at the maximu 
load. The stress in the extreme fibers has been calculated by 


usual formula for tension in bending. 


Me 
I 











The appearance of the fracture of both the case and cor 
the case depth, Rockweli hardness of the case, and core Brinell ar 
recorded in Tables XI to XVI, along with the load and deflection 
readings for each type of steel and grain-size. Tables XI to XIII 
are on the high carbon bars and Tables XIV to XVI are on the low 
carbon cases. 

The reheated bars were all treated in an electric furnace which 
produced some scale and decarburization, the double treated samples 
being most affected especially because of the higher first heat. Scale 
was removed by shot blasting. The reheating produced in most 
cases a thin skin that could be touched with a file, especially on the 
double treated samples. This was especially true of the S.A.f 
6115 because of the high hardening temperatures used and perhaps 
it would have been better to have compared this steel by heating in 
cyanide according to a quite common procedure. The file hardness 
of the various steels will be compared on the impact specimens, since 
the smaller sections, because of the shorter time in the furnace, were 
less influenced by furnace conditions. Also a smoky furnace atmos- 











PROPERTIES OF CASE HARDENED STEE!I 


was produced when treating the impact specimens by placing 
aceous material in the furnace. In general the tile hardness 
larger samples was in the same order as the smaller ones. 
Zockwell hardness of the case is dependent upon the amount of 
nsite present. The combination of alloying elements, high 
and high quenching temperatures produce austenite, which 
rs the hardness according to the amount present. Some decrease 
ockwell hardness resulting from decarburization occurred in 
ted samples, especially where the case was low in carbon because 
ing thin or of low carbon content. High heat treating tempera 
such as used for 6115, promoted decarburization. ‘There were 
soft spots in the plain carbon steel, probably due to steam 
ets and low hardening capacity. The higher Rockwell readings 
esent what the case would be without decarburization and the low 
ings indicate the extent of decarburization on the surface. 
(he number of cracks shown in a case hardened part when 
ken is frequently considered as a measure of its shock resistance. 
results from the load values in the bend test and a comparison 
impact values on pieces of similar treatment and case depth show 
is not true. There is apparently no relationship between the 
number of cracks and shock resistance, except that arising from 
tterences in case depth. While the impact values on single treated 
mples are lowest in both cases, the S.A.E. 1020 steel showed the 
ist cracks when single treated and the S.A.E. 3115 the most. The 
eep cases always cracked less than the shallow cases, the coarse- 
rained steels cracked more than the fine grained steels, and in 
neral the pot-quenched samples had more cracks in the case than 
the single or double treated samples. The numbers in ‘Table 
\VIT give the minimum to maximum number of cracks in duplicate 
uples. The number of cracks in each steel are listed vertically 


vuward in order of increasing case depth. 


DISCUSSION OF RESULTS FrRoM BEND Tests 


Woodvine' has discussed the fatigue range in a carburized speci- 


and originated the diagram shown in Fig. 15 to illustrate the 
sses. The vertical line through O represents the neutral axis of 
stress in a beam, the point A as the stress at the surface of 
case. Stresses between the center and surface would lie along 


G. R. Woodvine, ‘The Behavior of Case Hardened Parts Under Fatigue Stresses,” 


n and Steel Institute, Carnegie Scholarship Memoirs, Vol. XIII, 1924. 
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the line OA. BC represents the fatigue limit of the case 
the fatigue limit of the core. The line BPOG therefore rey 
the fatigue limit of the carburized specimen. Since the stt 
OA lies to the left of BPOG, the fatigue limit is not exce 
such a load. Had the core fatigue limit been lower, shifting 
the left so that point © would be to the left of the line OA, | 
failure would take place in the core just below the case. The st 


of a cased part, provided the fatigue limit of the case is suffi 


ram Indicating the Fatigue 


urized Steel (Atter Wood 


ligh, can therefore be increased by either mereasing the core hard: 
and strength, or increasing the case depth, that is, shifting point 
to the right or lowering it to again bring it to the right of OA. T| 
diagram was used to illustrate the stresses in a normalized specimet 
Mr. Woodvine mentioned the effect of internal stresses set up 
hardening, but thought it probable the same relationship wi 
hold in a hardened part. 

The same diagram can be used to illustrate stresses in a le 
and it might be expected that increased case depth and_ increas 
core hardness would give increased load carrying capacity Uh 
results of this investigation, however, show more exceptions that 
agreements with this assumption. All the pot-quenched sampl 
except for the first crack in the fine-grained S.A... 4615, decreas: 


in strength with increase in case depth when carburized according | 


standard practice, and this decrease is very pronounced in many cast 
The majority of the single 


treated samples likewise decrease 
strength with increase of case depth, especially as to maximum loa 


and more so in the coarse- than in the fine-grained steels. Neat 
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Case Depth in 1/1000 in. 
Fig. 1e¢ Variation of Case Strength with Case Depth Fine-Grained Steels 
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8020 40 60 80 20 
Case Depth in 177000 in. 


Fig. 17—-Variation of Case Strength with Case Depth. Coarse-Grained Steels—H 
Carbon Case Heat Treated as Shown 





all of the steels, when double treated, increase in load carrying capa 







city with increase of case depth. This failure of the deeper case t 
increase load carrying capacity is probably due to internal stress 
set up in hardening between the case and core, between the different 
zones of the case, or both. 


Results of some tests tending to support this belief will be give 
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Pot Quench 
Single Treated 
Double rested 
80 20 40 60 80 2L 
Cease Depth in 1/7000 iin 
lation of Case Strength with Case Depth Fine-Graines 
Treated as Shown 





80 20 é 
Cese Depth 1 
Fig. 19—Variation of Case Strength With Case 
bon Case Heat Treated as Shown 


ater. It will be seen from Tables XI to XVI and Figs. 16-19, that 
louble treatments, especially of the higher alloy steels and the coarse- 
vrained steels, may very greatly increase the strength as compared 
to a pot quench or single reheat. The austenitic layer in the deeper 
ises, especially of the higher alloy steels when pot-quenched, may 


t up internal stresses between the zones of the case itself. 


The Brinell hardness of the core does not appear to be an 
‘There 


portant factor in the strength of a case hardened part. 
vill be noticed a considerable variation in strength with the same 
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core hardness and examples may be picked out between tyy 
teel where more than double the strength is obtained with a 
core hardness. ‘The relationship between the case and the co: 
the structure of the core, that 1s, its unthormity and grain-si 

of more importance than hardness. The case depth values 
in ‘Tables XL to XVI were obtained by polishing and etchin 
broken ends of the hardened test pieces. Attempts were mac 
measure case depth by an ordinary eyepiece and with a Filar mic 
eter, but the most satisfactory results were finally obtained by 
use of a Brinell glass. The tully hardened appearing part of 
case was measured but this presented considerable difficulty, especi 
with the alloy steels where the line of demarcation between < 
and core is not distinet. The values are at least sufficiently clos: 
indicate the trend. 

In general it may be said that the strength of case harde: 
parts tends to follow the strength of the uncarburized steel. [| 
given the proper case depth and heat treatment, however, the 
vantages of the higher strength may be lost. lor example, suc! 
strong steels as S.A... 2512 or Krupp, if deeply cased and_ pot 
quenched, may be but little stronger than case hardened S.A.1. 1020 
but if double treated may be more than twice as strong. Greater cat 
is apparently necessary in selecting the heat treatment for the high 
alloy steels since their strength in some instances was almost doubled 
by a change in the heat treatment alone, while plain carbon steel 
especially when fine-grained, was little influenced as to static strengt! 
by either case depth or heat treatment. The coarse-grained steel 
are somewhat more erratic in behavior than the fine-grained steel 
and the latter are noticeably stronger than the corresponding coars‘ 
grained steels. lor the higher alloy stcels, especially in the deeper 
cases, pot quenching gives the lowest results and such treatment 
should be avoided where great strength is desired, double treatment 


being by far the best. Case depth and heat treatment have k 


influence on the lower alloy steels but for deeper cases, pot-quenchin 


gives lower results, with the one exception of fine-grained 4615 steel 
which appears to have ideal characteristics for that treatment. ‘Th 
coarse-grained 4615 behaves differently. Double treatments produce 
vreatest strength in most of the steels with deep cases, and this tend 
ency 1s more pronounced in the coarse-grained than in the fine 
vrained heats. 


he lower carbon cases appear to be less influenced by case 
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Table XVII 


nber of Cracks Occurring in the Case of Bend Test 


 S2aGo 


Specimens When Broken 


Number of Cracks in Case 


High Carbon Case 
Sing le Double 
Treat reat 


Pot Pot 
Quench 
ttoo6 ,tob 
,to 6 , 4 y +f 
$4 

6 


} 
| 
l 


l 
l 
l 
| 
| 
l 
| 
l 
l 
l 
| 
l 


' 


Low 


Quench 


arbe 1 
Single 
Treat 


> tk 


depth and heat treatment than do the corresponding high carbon 


L« 


‘There is some difference in the results, especially the HNprove 


ent of the position of pot-quenched samples perhaps due to the 


er carburizing temperature, but in genet 
nds as the high carbon cases. 
S.A.E. 2512 


rying capacities when double treated. 


Krupp and 4820) steels 


Next 


al they follow the same 


load 
S.A.F. 


show the highest 


in order 1s 


The next are S.A... 6115, 4615, and 3115 in that order with 


a great deal of difference between them. 


the alloy steels. 


S.A... 1020 is weaker 





Bend 


rained Steel ¢ 


Maximum 

ise Strength 4 
Pounds per Max. Load Depth 
Ineh 


square 


LZ OOO 
"40,200 
'O,500 
aut 
O00 
000 
SOO 
400 
'26, 800 
‘Ys OOO 
7O,900 
*S2,400 


arburizes 


XVIII 
Test Results on Square and Round Bars 
Pot-Quenched 


all 


Deflection 
at 


Dr h 


Surtaces 


and 


( ase 
Rockwell 
Inch ot Case 
O42 60-62 
OS2 o0 
O, 
Os0 
O46 
OsS0O 
O4 
OSS 
ON4 
O42 
O55 


OSO 





One Approx €l 


~ 
~e 
~ 
~ 


( ore 
Brinell 
'Q3 
SO 
Vi)? 
402 
100 


SO 
+1 


il 
+1 


~ 


| 
Pn 
| 


lLase 
where below first Crack 


spmenecinneiienbinann 


00 


600 
Hlardened Bars 


of Case 


— 
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AppDITIONAL BEND Tests 


\ few bars of the same dimensions as previously given were 
rized on all four sides and quenched from the box kound 
O.875-inch mm diameter were carburized all over and given the 
treatment. ‘The results are given in Table XVIII Chey follow 
trend of previous results, indicating that neither the case on all 
nor the shape of the test specimen had any great influence on 
results. The fractures also were similar in appearance to those 
viously listed. 
Bars of fine-grained S.A... 4615 and 2512 with both shallow 
deep cases were pot-quenched and drawn at temperatures of 400, 
OO). 000 and 800 degrees Fahr. The purpose ol these treatments 
to relieve internal stresses and leave only the effect of the depth 
f case. Table XIX and Fig. 20 give the results, which do show 
that strength does increase with case depth and also with moderate 
lrawing temperatures as internal stresses are relieved \s_ the 
rawing temperature was raised, the first crack did not take place 
it the elastic limit, so that where the latter is different it has been 
lrawn in as a broken line. The expected increase’ in hardness from 
ecomposition of austenite at higher drawing temperatures has taken 
we and the maximum of the elastic limit roughly coimcides with 
the maximum Rockwell hardness. At drawing temperatures ot} 
00 and 600 degrees Kahr. the fractures of the case appeared coarset 
than at either 400 or 800 degrees lahr., and the cores produced mostly 


ne erystalline mastead of silky fractures 


ResuLts From Impact Tests 


the heat treatment of impact specimens was identical to that 
bars of the same analysis, an electric furnace being used. ‘The 
cale trom all the specimens was removed by scraping and polishing 
vith emery cloth by hand. Considerable difference was noticed 
imong the various steels as to the ease with which scale could be 


removed. This is of importance in cleaning such parts as gears 


vhere wire brushing is a common method. The samples quenched 


rect trom the carburizing temperature were, of course, all equally 
easy to clean as only a thin film of carbon and oil was present. Of 


‘ 


reheated samples, the S.A.E. 2512 samples were much the hardest 


HW. OW McQuaid and O. W MeMullan, “Relation of Structure t fi Thane 


( e Hardened Steel PRANSACTIONS, American Society tor 
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Table XIX 
Effect of Drawing Temperature on Case Strength 
Krom Bend Tests on Pot-Quenched Fine-Grained 4615 and ! 


























































































Defle« 
ing Case Strength tion Maximum Deflection 
Temp. at First Crack Ist Case Strength at Max Case 
teel and Degrees Pounds per Crack Pounds pet Load Depth Rockwe 
Grain-Size Faht Square Inch Inch Square Inch Inch Inch of Case 
161 400 01,800 125 237,400 363 040 59 
(srain 100 204,700 _118 217,600 {38 0; 6 
12 1O0 261,900 170 311,000 $25 O38 
(;rain ¢ hd) 32,100 Lio 41,300 lo, ), | 
161 00 20,500 116 »24, 000 1? 1 O40 
(jrain . oo 197,700 093 04,700 107 O75 
12 O00 SOR 800 a0 sO8 800 230 Oss 
(jrain 6 OO 60,400 142 60,400 142 0; 0) 
tH} 600 48,900 1&8 "48,900 188 O40 
(,rain o00 74,6000 ] 74,6000 157 O75 mn 
»S12 600 " | 317,100 ! } O38 0 
(j;rain ¢ 600 520,100 cao 320,100 SS O75 0) 


















1615 200 ° 4 + 47,300 VY, +4 040 { 
Grain c R00 272,100 $14 272,100 314 075 48 
2512 R00 ° 14+ 271,100 | O38 14 


400) 





$0,500 t56 280,500 


crack 








*Tore apart-——no definite 


to clean, except for Krupp which was about the same. S.A... 2315 


was next hardest and the 4340 the easiest. There was not muc! 
to choose among the others. ‘The conclusion is that nickel increa 


the adherence of scale and makes cleaning more difficult. 
Different individuals do not always agree as to the file hardn 

of a specimen. ‘The size and shape of the specimen, the condition of 
the file, and amount of pressure have an influence. A _ broad flat 
surface may seemingly be harder to the file than a smaller size o1 
cylindrical surface because of the greater unit pressure possibl 
It is difficult to get any surface that cannot be marked with th 
corner of a file. ‘The impact specimens were used as a comparison 
tor file hardness, since they were small and offered a better surface 
for attack as mentioned above, as well as being less influenced by 
furnace conditions because of the shorter time in the furnace. Thi 
tests given were quite severe and specimens were not considered fil 
hard if there was any doubt. The samples quenched direct from th: 
carburizing box were the hardest and in general were file hard, 
except for a slight skin on the surface. The S.A.E. 1020 was fil 
hard except for a few soft spots. The S.A.E. 2512 was softest and 
the 2315 was softer than the 4615 and 3115, which were about equal 
S.A.F. 6115 1s unusual in that when pot-quenched, it has a fairl) 
deep skin which is readily filed but it is very hard underneath this 


skin. Unless the surface were removed by grinding or lapping, a 









lable XX 


Impact Values on Case Hardened Specimens 


ist Drawn | Hour at 


Rockwell 


ot Case 


63.64 
64-66 


( illy tile hard 


Hard unde 


cally tile hard 
Hard under 


O30 63 ‘ractically file | 
O40 ». 54 sk Hard unde 


OOO 


i t0) 
44 


Hot) 


O30 ,.5 Not tile hard Dee] 
O44 7) bye filed with ditheu 
OOO / neath 


O30 . Not file hard Deep 
O4 be filed with diffieult 
O60 a ; neath 


026 3 Surtace quite Oo Hard 
O40 ry neath 


lot) 
O44 } Ilard except tor light skin 
O45 / Very thin soft skin 


100 Draw. Rather deep soft ski 
(0) Draw Not hard 


Hard except for slight) skin 


Ilard except for igh kin 


pot quench would not be recommended for this steel 1f file hardness 
desired. None of the thin cases on the low carbon treatments 
were file hard. While steel of eutectoid composition or lowet will 
ive high Rockwell readings when hardened, it is necessary to have 
high carbon content to obtain file hardness. Partial decarburization 
hich occurs from reheating in an ordinary hardening furnace, 1s 
ually sufficient to produce a thin layer which may be caught with a 
Most of the single treated samples were file hard or nearly 


inderneath the decarburized layer except the 2315 and 2512, which 


ild be filed deeper but not readily. Under the decarburized layer, 












fable XXI 





Impact Values on Case Hardened Specimens 









yample lliegh Carbon Case Drawn | Hour at 3 Depre 















eel ar Kt] Impact Case Depth Rockwell 
Caran ize Notche L'nnotehed Inch ot Case Hlardness to | 


| ? 60-63 Nearly tile hard 





; ) 62.64 
0) 61-64 
Os0 62-64 Nearly tile hard 


















(iran j O40 OU-64 


t) 
1h 7 9 Not hard yOtt urta 
i) y& 

i) 


j o O4 9 Not har yoott url 


u) 


i) 


rv 14 Os 60-61 Nearly tile hard 
; ‘ ( O48 

O72 

} OS? 0-5, Not tile hard 
) 04 »5-57 


O60 
| | Os? 16-58 Not tile hard 

‘ l O46 ; 
OOS 





















oll ) O38 60-64 Ilard except tor sott k 
S OSs0O 60-63 
O72 61-63 

























Krupp Gy 0) 04 60-61 Rather deep sott skin 
1340 oso 62 100° Draw Rathes le 
skin 
(argu rive } O50 , 1 SOO Draw Not hard 
0 Ci 6 ) oso 9.60 Nearly tile hard 
(Cr Ni-Mo 14 OS 62-63 Rather deep sott kin Hhas 
(;sraimn-4 derneath 
Cr-Ni- Me j 0) 62-63 Rather deep sott skin Hard 
(srain-4 


derneath 













S.A.E. 


in the order named, and 2512 was softest. The thin cases of low 


6115 was hardest but not much more so than 3115 and 46! 


carbon content all could be filed. The double treated samples wer 
similar except that the partially decarburized layer was deeper. |! 
may, therefore, be said that high carbon in a case is necessary tor 
absolute file hardness and either a low initial carbon content or partial 
decarburization from reheating not sufficient to be noticeable on the 
Rockwell, may produce a surface soft to the file. This condition was 
more noticeable on the larger samples which were held in the furnac: 


longet he effect of nickel is to decrease file hardness, but it must 
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t in mind that all samples were drawn at the same temperature, 
egrees Fahr., and case hardened nickel steels soften at low 
ng temperatures. However, in some later tests no noticeable 
nce was found in file hardness between 2512 as pot quenched 
ifter tempering at 325 degrees Fahr. 
he impact specimens, which were standard 1O-millimeter square 
bars made long enough for each to give two notehed and two 
itched tests, were broken so that one blow of each specimen wa 
at right angles to the other. The results are given in ‘Tables 
to XXV._ As to be expected, impact values decreased with 
ise in case depth in both the notched and unnotehed condition 
re was found to be no uniform relationship between notched and 


itched values, im some cases the notched impact being nearly equal 


Table XXII 
Impact Values on Case Hardened Specimens 


Freated Samples High Carbon Case Drawn | Tlour at Degree 


Ft.-Lbs. Impact Case Depth Rockwell 
Notched Unnotched Inch ot Case Hardie to Pile 


11 00 16-62 Not tile hard Decarburized 
1] O35 6-635 hace 
1] } 


1() 
i 


OS0 Ss 


OU 6-62 Not tile hard 


040 6 
O56 9 
3s ) Not tile hard 
OSO 
O64 


O40 8 Not file hard 
OS0 s 


hace 


OOS 

Os 4 Nearly tile hard 
04 8 

Vol 

O30 » Near] file hard 
O40 

OoO0 


032 9.62 Nearly tile hard 
04 ; than 11 

060 ; 

Q2k ; Nearly tile hard 
03 ; than $11 

O60 

O38 16-58 Not tile 

OSO 17-58 

O6 

O30 


O4 


O6O0 


O30 ) Hlard excep 
O45 ; face 
Ood 


O4 > Not tile li 
O45 , Nearly tile hard 


OSsO ; Oo Draw 


OSs0 ; 400 Draw 
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to the unnotched on the same specimen, while in other ca 


unnotched value was many times the notched in both shall: 


deep cases. The tables show that the nickel steels may los 


of their superior shock resistance if notches are present in 
and should be avoided in these steels more than others, es) 
when single or double treated. There is not much difference 
the other steels, but 1020 1s slightly less atfected by notch 
coarse-grained 1020 being affected more than the fine. 

\lmost without exception, single treatments give lower i 
than pot-quenched or double treated samples. The single ti 
S.A... 6115 is better than the pot quenched. Since the In] 
lower, the strength of the bars in the bend test is lower, and 
develop a soft skin, a direct quench from the carburizing tempe1 
is not a satisfactory treatment for S.A... 6115 steel. Those 
such as 4615 and 6115 which were single treated by quenching 
above the critical range of their core are less adversely affected 
those quenched from within the range such as S.A... 1020 and 311 
This brittleness resulting from quenching within the critical rai 
has been reported by the author in a previous paper.* 

It generally has been found that a coarse-grained steel will have 
its properties more improved by double treating than will a fin 
grained steel as compared to a single quench. A comparison of 
the impacts for these treatments on the coarse and fine 1020 an 
1615 will demonstrate this. All the steels, however, tend to show 
higher impact values when double treated. There is no such thi 
as a double treatment in which the second treatment affects only thi 
case and not the core, since the Ac, on both are practically the same 
The advantage of the double treatment is that instead of leaving 
the core of such steels as S.A.E. 1020 and 3115 as a mixed structure 
of coarse grains of ferrite and martensite as is produced by a sing! 
reheat at a low temperature, a fine-grained uniform. structure 
produced. ‘These structures are due in the one case to a startin 
product of coarse ferrite and pearlite, and in the other to a « 
structure refined by the first quench. 

The generally accepted statement that fine-grained steels have 
higher impact values than coarse-grained steels has not been entire!) 
confirmed. One prominent exception is that of the two heats 
S.A.f. 2315, which were very good examples of a fine and coa! 

O. W. McMullan, “Effect of Quenching Temperature Change on the Properti 


Quenched Steel,” Transactions, American Society for Steel Treating, Vol. XIV, Oct 
1928. 
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lable XXIII 
Impact Values on Case Hardened Specimens 


Sample Low Carbon Case Drawn 1 


| Impact Ca 
tched I nnotched 


12 Not hard 
( Kile hard 
Spotted 


Hard 
Hard 
Spotted 
Soft) skin 
neath 


Soft) skit 
neath 


Hard 


Hard 


ott kin Can be tiled 


ficulty underneath 


Soft skin Can be tiled with dif 
ficulty underneath 


Hard except for thin skin 


Not a deep a on higher 


cases 


No matter what the treatment given it, the coarse-grained 


had much higher impact values than did the fine for the same 


depth. This may have been due partially to the lower hardening 


of the coarse-grained steel because of its lower carbon and 
ranese content, but there was much less difference in the core 
iness of the impact specimens than in the bend tests, the maxi 
difference being only 3 to 4 points Rockwell C for any on 
iment. Neither can it be said that types of steel that are naturally 
ne-grained have higher impact values than those more apt to be 
\Ithough S.A.E. 6115 is naturally fine-grained and in these 
riments was the finest grained steel tested, yet it developed some 
¢ lowest impact values and did not live up to its reputation of 
highly shock resistant. 
[he carbon content of the case appears to have but little effect 


impact values, except perhaps in the unnctched condition of 





INSAl ONS OF THI V 


SOT steels when single Or double treated. The depth Ot 
the greatest influence on impact results. As a better mean 
readily comparing the different steels, the average values o 
results on any one steel and grain-size, irrespective of cas« 
carbon content, have been listed in Table XXNVTI and plotted 
21 The results may not be exactly representative for a p 


case depth but represent the general trend. 


r f 196 co c I-70 
A.E.F775 SA SAE. E57 


All Impact Results o ‘ Hardened Steel 


The tractures of the pot-quenched impact specimens wer 
similar to those on the corresponding bars. On the single and doul 
treated samples of plain carbon steels and those of lower alloy « 
tent there was some tendency for the impact specimens to have 
crystalline fracture in the core, whereas the bars were silky. 
was probably due to the greater effect of the quench on the 
sized specimens and also to the fact that they were carburized 


all four sides. It may, therefore, be said that the rate of break 


ot a case hardened specimen has little or no influence on the appeai 


ance of the fracture. There was no difference in appearance o! 
tracture at the notch and where not notched. The notches were ma 
before carburizing and heat treatment. It has been found that 
notch made in the case after treatment frequently does hav 
effect on the appearance of the fracture. 


DistorRTION TESTS 


The test specimens, of the design shown in lig. 14, wet 


quenched in the same manner with the slotted end down. The 





Table XXIV 


Impact Values on Case Hardened Specimens 


Samples.—Low Carbon Case Drawn 1 Hous 


epth Rockwell 


Not tile hard 
Nearly file hard 
Nearly file hard 


re carefully cleaned of scale before measurements were made. All 


mens were carburized in the same containers as the correspond 
impact specimens and since they were of somewhere near the 
size as those specimens, they should have approximately the 
depth of case as given in Tables XX to XXV. No section 
cut from the samples for microscopic examinations 
Che distortion results obtained are plotted in Figs. 22 24 
lines extending to the left of the zero base line represent the 
unt of closing in at the end of the prongs from that of the 
inal untreated sample and spreading out is measured to. the 
The vertical column of figures adjacent to each group of 
denote in ten thousandths of an inch, the maximum differencs 
hange of dimension between the two pairs of corners (a to b 
to d of Fig. 14) and therefore represent the maximum: amount 


wisting of the prongs with respect to each other but not with 
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the body of the sample. In the pot-quenched samples the h 
lines show the average change across corners after final tr 
In the single and double treated samples the horizontal lin 


the change after carburizing and cooling in the box. The 
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First 3 ofeach treatment : Low Carbon case 
Second 3 ofeach treatment : High Carbon case 








Distortion of Carburized and Hardened Test Blocks 















lines show the further change from that point after final heat treat 












ment in both the single and double treated samples, the lower en 
of the line being the final position. 

‘There is not a great deal of difference in the behaviors of several! 
ot the alloy steels but perhaps the specimens were not proper!) 
designed to bring out the differences. One of the chief things 
observed was the remarkable regularity of the changes which occur 
even in the water-quenched S.A.E. 1020 when conditions were kep! 
identical. Much of the trouble arising from variation in distort 
may, therefore, be due not to the steel itself but to variations 1n 


carburizing and hardening procedure. There was some differe: 





PROPERTIES OF CASE HARDENED STEELS 


avior between the fine-grained and coarse-gained 1020 but both 
d the same general trend. But little influence of grain-size 
bservable in the alloy steels. [specially when single or double 
|, case depth is the vreatest factor in differences of distortion. 
has been the experience also with production parts. xcept 
plain carbon steel, the case depth has but little influence on 


tion when the parts are pot-quenched. ‘This is perhaps due 


Q .005”.010”.015” 005” O .005” .010*.015” .0P0” 


Pot Quench 
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Ped Poh DOA WAGE 


Single Treated 
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«—— Double Jrested 


OePos GG SO WO” 


—— SAF 5115, Gr 2-7 —— SAE 4615,Gr 78 
moreeeee SAE 3115, Gr2-6 SAE 4615,Gr 3 


first 3 of each treatment : Low Carbon cease 
Second 3 of each treatment . High Carbon case 


Distortion of Carburized and Hardened Test 


the greater influence of the core when more fully hardened by the 
high quenching temperature. If distortion is to be kept uniform 
ong a number of parts, it would appear that it is of most impor 
nce to keep the case uniform and of constant depth, and that this 
tor becomes of less importance if the parts are quenched direct 
m the carburizing box. In the figures three case depths are 
tted for each treatment. The thinnest case is the top line in each 


up of three, the bottom the deepest. 
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RESISTANCE OF CASES TO CRUSHING 


Case hardened parts frequently are reported as having 
by crushing of the case into the soft core. An attempt wa 
by the use of hardened tool steel cylinders to approach the | 
conditions obtained at the contact of teeth in gears. It was 


to be difficult to get the load uniform along the cylinder and y 
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Fig. 24 — Distortion of Carburized and Hardened Test Blocks 








greater sinking at one end. 





Knough results were obtained by the 
use of pivoted blocks to show that results obtained were of the same 
order as those from the use of Brinell balls. Special alloy Brinell 














balls of high load carrying capacity were used and the impression 





made in the undistorted ends of the 34-inch square bars used _ to! 





bend tests. Loads in steps of 5000 pounds were applied from 5000 








to 25,000 pounds. Loads under 5000 pounds produced impression 








too small to read with sufficient accuracy. The impressions mad 





with the lower loads were all from new balls before any high load 
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Table XXV 


Impact Values on Case Hardened Specimens 
Double ‘Treated Samples Low Carbon Case Drawn | blows 


It. Lbs. Impact Case Depth Rockwell 
Notched Unnotched Inch ot C ase 
1? OS 
O40 
O51 
020 » HE ot tile hard 
O34 uly hard 
O53 ) harad 
Lt ' le hard 
i) 
Os 
2 
OS 
ie 
0? 
0 
) 
O2 N tly tile hard 
O38 
O73 
O2 1-58 little 
0 
7 


Not file hard 
Nearly file hard 
Nearly file hard 


were applied, since flat spots would affect the small impressions mort 
than the larger. ‘The special balls stood up very well even unde 
high loads. ‘The impressions were read by a Brinell microscope and 
converted to Brinell hardness numbers by the formula given by 
llerman A. Holz in Bulletin No. 27. The calculated readings tor 
each load are given in Tables XXVII to XXXII. The load at which 


i¢ first crack could be heard is given also and if it could not be heard, 


i 
Tf 


¢ lowest reading at which it was seen by the microscope when 


reading the impression, the latter figures being those of multiple 
| 5000 pounds in the Tables 


The use of the Brinell ball made possible uniformity of loading 
all the tests and permitted results to be converted to an established 
rdness scale. Since the Brinell hardness number should be approx 
itely the same on any one piece regardless of load, any great 


1 


) in hardness at the higher loads shows that the case is no longet 

















XXVI 
Average of Impact Values Taken From Tables XX to XX¥V 


lable 


Fine -CGrained Co 
rreatment tee] Notched Unnotched Notched 
Pot Quench rO20 0 \ 

l 


arsed, 


l 
o lo 10 


| 
i { 
tol 11 to! ( 
l ( 
| 


capable of carrying the load. The thinnest cases may also ¢i\ 
uniform, but lower, hardness 1f the case is not deep enough to | 
much effect. This can be noticed by comparing hardness valu 
thin cases with those on the deeper cases of the same steel and tr 
ment With the higher alloy steels, especially when pot-quenched 
the etfect of the austenitic surface layer is to give lower readin 
from the lighter loads. Where the case depth was sufficient to with 
stand the load, the maximum Brinell hardnesses on the various stee! 
and treatments corresponded to their relative positions in Rockw: 
hardness. With higher loads, expect on the deep cases where crush 
ing did not occur, the Brinell hardness readings on the case depended 
upon the hardness of the core. The higher alloy steels such as S.A.| 
2512, therefore, do not require as deep a case to resist loads which 
may crush through ito the core. Along with the drop in hardin 
cracking and sinking of the case could be noticed around the impr 
sion No sinking ot the case outside of the impression itself could 
be observed at the lower loads. 

The results with both the Brinell ball and the hardened cylinde: 
lead to the conclusion that even thin cases practically never fail 
under ordinary conditions by the case crushing through into tly 
core, particularly on such case hardened parts as gears where th 
area of contact between the surfaces is relatively small. Long befor 
the loads become great enough to crush the case, the Brinelling action 
in the outer part of the case itself would destroy bearing surface 
and make the parts noisy and unfit for use. 












lable XXVIII 
Resistance of Case to Crushing Under a Brinell Ball 
Pot Quenched Sample: Hligh Carbon Case 


Brinell Llardness trom Applied Load ot 
O00 1O,000 l Ooo ‘O.000 Ouu 


Pound Pounds Pound 


1 4 
& oe 
oOsv oOs0 


OoOu 


wu) 


vou 
ooo 


oou 


uu) 


oOuu 


OoOU 


‘O.O00 


100° Draw 


00° Draw 


1] 


Che writer offers the theory that on case hardened parts unde 


impression at right angles to the surface, such as gear teeth, that 
icking, pitting and spalling of the case is not due to the case 
ushing into the core unless the case is very thin, but rather that 


failure is due to fatigue. When the case 1s relatively thin because 





lable XXVIII 
Resistance of Case to Crushing Under a Brinell Ball 


Single Treated Samples High Carbon Case 


Brinell Hardne trom Applied Load of 
Th) 10,000 15,000 0,000 *5 000 
Pound Pounds Pound Pounds Pound 
} 6 
404 


+1 
401 


14 400 Draw 
130—800° Draw 


{64 


ot the lower hardness and endurance limit of the core, failure start 


in the core next to the case (See Fig. 15) and proceeds outward 


through the case rather than inward from the surface. The valu 
of a harder core would be its higher endurance limit rather than 11 
ability to prevent the case from being pushed into it. With dee, 





Fable XXIX 


of Case to Crushing Under a 


Samples — High Carhor 


Resistance Brinell Ball 


Double lreates 


( ase 


Srinell Hardness trom Applied Load of 


LO.000 15.000 ‘jO.000 


Pound Pound 


ye so widely distributed before reaching 


the load would bec 
exceeded. 


core that the endurance limit of the core would not be 
ie failure would then take place in the case itself, starting either 


ry 
\ 


n the surface or at some intermediate layer at which the structure 


iternal stresses had created a zone of low endurance properties 


ame reasoning could apply also to a lesser extent to the effect 


ther types ot repeated loads. 


i} 





lable XXX 
Resistance of Case to Crushing Under a Brinell Ball 


Pot Ouenched § imple Low Carbon Case 


Brinell Hardie trom Apphed Load of 


| Ooo LO.O00 15,000 ‘O.O00 C ore 


teel am 
(iran Pound Pound Pound Brine 


hOov’0 ") 


(srain-- 


Povo 


(srain 


lable NANXIIL shows the effect of drawing temperature on th 
resistance to crushing of pot-quenched S.A... 4615 and 2512.) Th 
Brinell hardness of the 4615 is not lessened by drawing up to 500 
degrees Fahr., and but little up to 600 degrees Iahr. on the dee} 
case. The S.A.I. 2512 shows a continuous drop from the starting 
temperature of 400 degrees Fahr., and the deep case drops otf at 
about the same rate as the shallow case. 

The comparison of Brinell hardness numbers on uniform mat 
rial but obtained by different loads is given in Table XXXIV. Th 
steels were oil-hardened from 1525 degrees Kahr. and drawn a 
shown in the table. There was some variation in the 4640 steel itsel! 


and better comparisons can be made on the other two. There is a 


slight tendency for the hardness number to increase with the load 
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Table XXXI 


Resistance of Case to Crushing Under a Brinell Ball 


Single ‘Treated Sample: Low Carbon Case 


Brinell Hardin from Applied Load ot Load at 
Ooo 1O.000 15.000 OoO00 re kirst Cra 


Pound Pound Pound I i | Pound 


1] 9 17 oon 
0) ; | oO 


i) 1) OOO 


ry) |? ’ 15.000 
hod | ,O0 
| ' | ( OoOo0 


1O,500 
Ooo 

, tit) 
Ooo 


lo 000 


10.000 


] Ov 


Oin HLLARDENING STEELS 


lo compare case hardened steels with medium carbon oil-hard 
ned steels, a few tests were made on 4340, 4640 and 5140 of the 
ysis and grain-size given in ‘Table | lest specimens were ot 
the same dimensions as previously described and they were hardened 
oil atter being heated in an electric furnace at 1525 degrees lahr. 
Urawing temperatures were as shown in Tables XXXIV and XXXV. 
Kesults from the bend tests are given in Table XXXV_ and since 
ver more than one crack occurred, the elastic limit has been listed 
tead. The elastic limits are of about the magnitude of the stress 
the first crack in the double treated case hardened steels of the 
her alloy content. 


Che strength calculated from the beam formula is considerably 


er than that which would be obtained from an ordinary tensile 





Table XXXII 


Resistance of Case to Crushing Under a Brinell Ball 


Double Treated Samples——-lLow Carbon Case 


Brinell Hlardness from Applied Load of 
10.000 15,000 0,000 
Pounds Pounds Pounds 
02 279 48 
$6 345 418 
$03 1O0 
04 SS 


ikO 


Table XXXIII 


Lffect of Drawing Temperature on Resistance of the Case to Penetration by a Brinell Bal! 


Pot-Quenched Samples 


Hardened Drawing 
Case Depth Temp 5000 10000 15000 
Inch Degrees Fahr Lbs Lbs Lbs 
0.040 400 174 457 144 
OU $57 $34 

600 373 365 352 


S00 3 {OR 


$00) 
»00 
ou0u 


S(t) 


400 
Ov 
6OuUU 


Sid) 


O00 
oo 
O00 


SO) 


Brinell Hardness from Applied Load of 


20000 
Lbs 
430) 
412 
339 


219 
1s 


914 








Ball 
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Table XXXIV 
Influence of Load on Brinell Hardness Number 








Brinell 
Drawing Brinell Hardness trom Applied Load ot it Center 
lem} 3000 S000 10000 15000 000 S000 M00 
I Kem Lbs Lbs Lbs Ibs Ibs Kem 
100) 34 jR SON 79 x Rey 114 


ROO 429 402 +31 +44 +5] +5] 130 




















400 
Ovo 
600 


SOU) 


400 ) »38 8, oll 6 ’ 
Ov 14—534 r1¢ SO 49 \ 34 
600 514 4104 16 +3 3& 514 


R00 430 


444 












Table XXXV 
Results from Bend Tests on Oil Hardening Steels (Not Carburized) 





Elastic Draw 
Limit Def. at Maximum Max ing Rockwell Brinell 

















Pounds me Pounds Det Temp ot at 

er Sq. In Inch per Sq. In Inch “_ Surface Cente: Fracture 
8 600 162 133,400 waa 400 54 14 Fine crvst. and ‘ 

silky 

67.550 133 369,800 750 800 $3.44 $30 No break 
0,400 141 $74,000 Over 4 400 5-5] 177 Mostly fine cryst 
3.250 137 $46,500 Over 4 S00 $7 -49 161 Fine crystalline 
6,200 128 381,400 Over 44 600 $5-48.5 +144 Fine crystalline 
19,100 .108 319,000 Over 4 S00 36-40 401 No break 
04,500 153 342,000 182 400 94-55 555 Fairly fine cryst 
8.700 143 98 700 143 S00 } Slightly coarser 


$4 
93 O00 143 293,000 143 600 0-5] 14 Same 
4 


5 
» 000 125 376.000 Over 3 S00 $3-45 14 Fine crystalline 













Table XXXVI 
Izod Properties of Oil Hardening Steels 
















Drawing 


Foot-Pounds Temp Rockwell 
, Notched Unnotched Ik Hardness Fracture 
17 120 400 3 Very tine crystalline 
18 120 R00 +4 Very fine crystalline, part K 
640 10 120 100 3 Very fine crystalline 
1 7 120 00 1 Very fine crystalline 
120 600 ts Very fine crystally 
120 S00 10 Halt silky 
s9 1O0 ) Fairly fine crystalline 
14! 00 2 Slightly coarser 
14 10 600 yO) Same 
5 120 S00 +4 Fairly fine crystall 












Che S.A.E. 4640, probably because of its very fine-grained 
tbnormal structure, had rather poor hardening capacity and_ sott 
were found below the average hardness values given im the 


It might also be mentioned that it was more difheult to clean 


>> 
4/0 


the scale from those samples. 
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Apparently the greater the 


of a quenched specimen, the more readily the scale is removed 


may be a partial explanation of the greater difficulty in clean 


case hardened nickel steels, as their surface hardness also was 


than some of the other steels. 


tempering than afterwards. 
The impact results given in Table XXXVI show in most 


a greater ratio between notched and unnotched values than cd: 


of the case hardened specimens. 


marks, sharp corners, etc., 


Scale is removed more readily 


This means that scratches 


on oil-hardened parts are even m 


be avoided than on case hardened parts, since the former may 


a greater percentage of their possible maximum shock resistai 


such imperfections. 


The unnotched specimens, except from S 


5140, did not break under the full capacity of 120 foot-pounds 


Minimum impact values do not correspond with minimum 4d 


ing temperatures. 


The fracture appeared somewhat coarser at 


intermediate drawing temperatures, at which also the lowest impact 


occurred. 


WEAR TESTS 


It was planned to make wear tests on samples from each ste 


grain-size, case depth and heat treatment, but after running abo 


200 samples the tests were abandoned as being too erratic. 


W het 


a lubricating oil was used, no appreciable wear occurred in many oi 


the samples even under high loads and several hours running tim¢ 


When wear did occur, it was very rapid due to the block becoming 


tilted and concentrating the load at one point or due to seizure o! 


metal surfaces due to the breaking down of the oil film. 
to get greater wear, a lubricant consisting of 1 per cent soluble oil 
in water was tried. 


In ordet 


All lubricated samples were run for four how 


with a 50-pound load on the lever arm. 


A considerable number of samples were run dry in which cas 


the time was only ten minutes and the load two pounds. 


The dry 


samples developed considerable heat, the rapid wear probably bet 


partly due to tempering and softening of the case. 
basis, water with as little as 1 per cent soluble oil increased wea 
resistance several hundred fold over no lubrication, in fact highe: 


On a time-weight 


percentages of soluble oil proved to be an excellent lubricant. 1! 


tests run with lubricants were apparently more of a test of the | 


strength of the lubricant than of the wear resistance of the steel. 


Because of erratic results and failure to get reasonable che 
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Table XXXVII 
Tensile Properties of the Core 


s QOuenched from 1700° F. and drawn at 
Proportional Johnson 
Limit Limit 
Lbs er Lbs. Per Max. Lbs 
( Sq. In Per Sq. In 
$5,000 102.000 
109 000 
166,500 
»000 
41.000 10,000 7 OOO 
»U00 ooo 
OOO »,000 
000 
vu OOO 
0,000 97 000 


O00 


75.000 17 500 
9,000 200 


O00 ) OOO 


»000 ?25,.000 


after machining 


same sample, no tabulated results will be given. The most 

can be said is that wear resistance in general tends to coincide 

the degree of file hardness. From the average of all the 

ils, some of the water-hardened plain carbon steels showed the 

‘t wear and the nickel steels usually showed the most whether dry 
ubricated. 


CORE PROPERTIES OF THE CASE HARDENING STEELS 


\s mentioned earlier, all specimens were put through a heat 
ting cycle to approach as nearly as possible the condition of the 
in a case hardened part. Obviously the conditions of internal 


between case and core cannot be duplicated and the core 


erties given may not mean a great deal in predicting properties 


finished part, as may be seen by comparing them with the 


from the bend tests. The specimens were treated as 7@-inch 
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Table XXXVIII 


lensile Properties of the Core 


Single Treated Samples 


Johnson 

Limit 

Lbs. Per Max. Lbs Per Cent 
Sa. In Per Sq. In Elongation 


OOo00 83.000 32.42 


61 


0,000 151,000 
60,000 135,000 


65.000 149.500 


000 »31,000 14.06 


rounds in most cases and not to exceed 1 inch in thickness 
others. Machining was done after heat treatment except in on 
two cases where, because of the high hardness after treatment, it 
necessary to heat treat the specimens as such. 

Considerable difficulty was encountered in determining the p 
portional elastic limit. Two methods were tried, one by using 
electrical extensometer reading to 0.0002 inch and applying the 


in increments, and the other by a self-recording instrument attacli 


directly to the specimen itself. Neither proved highly satisfactory) 


: +1 
1? 


lt was found that in plotting stress and strain readings, a break in th: 
curve might occur after which another series of readings would li 

a straight line, that 1s, the strain was proportional to the stress 

at a different slope than the lower part of the curve. The pr 
ional limits given are lower than those frequently reported but apy 
ently the more sensitive the measurement, the lower the elastic 





Table XXXIX 


lensile Properties of the Core 


Double Treated Samples 


Johnson 
Limit 
Ibs. Pet 


Sd 
i 


112,000 


000 156,000 


60.000 134.250 


omes. The maximum strength of any steel irrespective of analy 


whether alloy or plain carbon, 1s closely proportional to the Brin 


hardness provided no defects exist in the steel. The proportional 


it showed no such relationship and the writer doubts if the elastic 
as usually measured gives any useful information about the 
Che true elastic limit, 1f 1t could be accurately measured, would 
bably coincide with the endurance limit. The results of the ten 
tests are given in Table XXXVII to XXXIX. The Johnson 
it has been included also as it appeared to be more definite than the 
portional limit. The Brinell hardness was taken at the center of 
cross section cut from the threaded end of the plug after it was 
Core impacts are given in Tables XL to XLII. All the un 
hed specimens exceeded 120 foot-pounds. The Brinell hardness 
given is that obtained from three impressions on each speci 
()f the steels showing distinct differences in grain-size, the fine 
ned S.A.E. 1020 and 4615 have higher impact values than the 
sponding coarse-grained heats, but those on the coarse-grained 


ire higher just as they were in the case hardened condition. The 















Samy 


Steel and 
(sTrain-O1zZ¢ 
10 
(arain « 


LO20 


(grain 





! 


(srain , 


(orain 
+o] 
Grain 3 
12 
(srain O6-/ 
12 
(rain 
611 
(srain & 
Krupp G1 
$820 Cat 
Cr-Ni-Mo 
(srain 4 


Cr-Ni-Mo 
(it .* 









iin 


show a greater improvement in the coarse-grained steels when double 


*Ileat treated ; 


IR 





machining 









Core 


Average 


1? 








INSACTIONS OF THE A. S. M. 





Table XL 
Impact Values 





o a 1700° F. Pot Quench and 
Lbs Brinell 
Ilardness Fracture 
214-242 % medium cryst. Rest 


42-276 Mixed silky and fairly fi; 
519-343 Silky 


Silky 





with scattered 


yralt 








»42~—276 1s fine cryst Rest silky 









Silky 


Silky 





76-296 % fine cryst Rest silky 
370 Silky. 

370-385 Silky 

242-276 Silky. 


296-307 = Silky. 
96-343 Silky with scattered yvrain 
343-370 = Silky 


Silky 


treated than do the fine-grained heats. The tendency for most of th 


steels is to show higher impacts when double treated, the 6115 bei 


the most noticeable exception. 


There is further evidence as shown 


















coarse-grained 2315 is softer than the fine-grained, which would 


account for at least part of the difference. All three types, however, 


by the coarse-grained single-treated 1020 and 3115 that steel hard 


ened from within the critical range has low impact values. The hi 


impact values of the fine-grained 4615 compares with its standing 


among the steels as case hardened. There appears to be a little mor 


relationship between core impacts and impacts on the case harden 


{ 


parts than there is between core tensile properties and beam strengt! 


of case hardened specimens. 


St 


cases, as may be shown by 6115. 


MMARY 





Che results of various tests determining the physical propert 


AND CONCLUSIONS 


‘The relationship does not exist in 
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Table XLI 
Core Impact Values 


Single Treated Samples 
It.-Lbs Brinell 


Average Hardness Fracture 

60 D. 7 ly fine cryst Rest silky 

13 7 7 Mostly medium cryst 
Silky 
Mostly silky 
Mostly silky 
Silky with scattered grains 
Silky. 
14 fine cryst Rest silky 
Silky 
Silky 
Silky 


Silky 
Silky 
Mostly ilky 


Silky 


d atter machining 


Table XLII 
Core Impact Values 


Double Treated Samples 
It.-Lbs Brinell 


Foot-Pounds \verage Hardness 
101, 102, 103, 8 YX 148-165 Silky 
161-179 fine cryst 
'67— Silk 
Silk 
Silky 
Silk 
Silk 
Silky with scattered grains 
Silky 
Silky 


Silky 


Silky 
Silky. 
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of both the case and core of a number of case-hardening steels ; 
as a few oil-hardening steels are given in this paper. The obj 
to compare the properties of the various steels, one with ai 

and also to determine the influence of grain-size, depth of case, . 
content of the case, and method of heat treatment on any one 

of steel. The writer had in mind chiefly the suitability of the 

for gears but the results are applicable to other uses as well. 

and coarse-grained heat of each of S.A.E. 1020, 2315, 3115. 

and 2512, and a fine-grained heat of 6115 were used in most o| 
tests, but some results on Krupp, 4820, 4340, 4640, 5140 an 
lower carbon chromium-nickel-molybdenum steels are reported 
properties determined were the microstructures in both the carbu: 
and heat treated condition, the rate of carburizing, the hardness o| 
case and core, the strength of a case hardened part loaded as a be: 
the impact strength, the amount of distortion in carburizing and hat 
ening, the resistance of the case to crushing under heavy loads, ai 
its wear resistance. Hardness, tensile and impact tests were made o1 
the core. 

The microstructures of the cases are best described by an exam 
ination of the photographs themselves. The appearance of the hard 
ened structures will be found listed in tables. The pot-quenched 
samples, including S.A... 1020, which was the only steel quenched i1 
water, all contained austenite in the case, except some of the shallow 
cases and those of lower carbon content. The higher alloys retained 
some austenite in the single treatment but none was visible in th 
double-treated samples. The structures were such as to be expected 
trom the type of steel, grain-size, carbon content and treatment given 
Carburized and slowly-cooled samples from every group of test speci 
mens were examined for character and depth of case. No specifi 
investigation was made to determine the rates of carburizing among 
the various steels but where conditions of carburizing were identical, 
comparisons were made. Only a limited number of such compari 
sons were made, but from these there was shown some tendency 
toward deeper cases in the coarse-grained steels but this was not with 
out exception. As to the rate among types of steel, S.A.E. 6115 cai 
burized the fastest followed closely by 3115, then 1020, 2315 with 
4615 and 2512 the slowest and at about the same rate. The othe: 
steels were not tested at the same time and direct comparisons cannot 
sately be made. 


The general tendency of the strength of the case as determined 










ROPERTIES OF CASE HARDENED ST! 


end test was to follow the strength of the uncarburized steel, 
ere were many exceptions to this. Theoretically, because of the 
r hardness and strength of the case, the deeper the case the 
should be the strength of the case-hardened bar. Using the 
the first crack of the case as a measure of its strength, with 
nvle exception of the fine-grained $.A.E. 4615, the strength 
ped off with increase of case depth when pot-quenched, especially 
uch steels as 2512 with higher alloy content. This is probably 
to internal stresses set up in hardening as shown by the fact that 
er drawing temperatures on some pot-quenched samples increased 
strength of all samples, but more on the deep cases to make them 
ver than the shallow cases. The strength still decreased with 
depth on the higher alloys when single-treated, but increased on 
the lower alloy steels. Strength increased with case depth on the 
louble-treated samples. The strength of some of the steels with 
eher alloy content and deep cases was nearly doubled over that as 
ot-quenched when double-treated, showing that the former is not a 
suitable treatment for such steels if high static strength is desirable. 
Coarse-grained steels were more improved by a double treatment than 
the fine-grained. low carbon cases appear to be less influenced 
by case depth and heat treatment than do high carbon cases. The 
Krinell hardness of the core is not necessarily a measure of the 
trength of a case-hardened part. ‘The number of cracks occurring in 
the case before final failure in the bend test had no connection with 
the strength or with the toughness as determined from impact results 
except when influenced by case depth. The thin cases did develop 
more cracks and gave higher impact values than did the deep cases. 
Most of the pot-quenched samples developed the most cracks in the 
case and the coarse-grained more than the fine. 


Impact tests were made on case-hardened bars in both the notched 


| unnotched condition. There was no uniform relationship between 
tched and unnotched values. The nickel steels were high in un- 
notched values but were affected more by the notch than the other 


¢ 


teels, indicating that scratches, sharp corners, etc., 


more adversely 

ect these steels in service and result in the loss of most of their 
iperior shock-resisting properties. In general the single-treated 
iples gave the lowest impact values and the double-treated samples 

highest. This is considered to be due in part at least, to the lack 
uutormity of the core in the single-treated samples. ‘Phe grain- 
ind uniformity of structure of the core, rather than its hardness, 
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has been found to have the most influence on impact values. ( 
improvement by double treatment occurs in coarse-grained 
than in fine. The fine-grained heats were in general higher 
pact than the coarse-grained heats but the reverse was tru 
S.A... 2315. The S.A.E. 6115, although the finest-grained s1 
those tested, developed some of the lowest impact results. The 
content of the case had but little effect on the impact values 
depth has the greatest influence on impact, the impact values di 
ing with increase of case depth. The fractures of both the casi 
core were similar to the corresponding bend tests, showing that 
of breaking has little influence on the appearance of the fractur: 
appearance of the fracture was not affected by the notch. The 1 
was made before case hardening. 

The Rockwell hardness of case-hardened parts is dependent upon 
the per cent of martensite in the case. High carbon contents, high 
quenching temperatures such as pot-quenching, and increasing alloy 
content increase the amount of austenite and lower the hardness 
readings. Decarburization during reheating also lowers the Rockwell 
hardness. The file hardness does not follow the Rockwell hardness 
as in general the pot-quench samples were hardest to the file and the 
double-treated samples the softest, not only on the surface but under- 
neath the decarburized layer. Although low-hardening temperatures 
give the highest Rockwell readings, higher hardening temperatures 
tend to give greater resistance to the file. This has not been found 
to be the case with plain carbon steel when water-hardened, probably 
due to the greater tendency to form steam pockets, rather than th: 
temperature effect on the steel itself. The water-hardened plain car 
bon steel was hardest to the file, with 3115, 4615, and 6115 next. The 
higher nickel steels were least hard to the file. Scale adherence also 
was greatest to the nickel steels and may be connected with hardness 
obtained in the quench. 

Distortion tests showed the greatest change in shape to occur in 
the water-hardened $.A.E. 1020. Not much difference was observed 
among the alloy steels with the test blocks used. Great regularity 
was observed in the changes which did occur when conditions were 
kept identical. Case depth was the greatest factor causing differ 
ences in distortion. Case depth, however, had little influence when 


the parts were pot-quenched, probably due to the greater influence 


ot the core, 


The practical value of case-crushing tests is doubtful. Light 
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far too small to cause any general sinking of the case into the 

xroduced a Brinelling action on the surface which would destroy 

arts for such use as gears. Spalling, pitting, and other case fail 
are believed due to fatigue starting in the core below the case 

1 the case is thin, or at the surface or some intermediate zone ot 

rnal stress when the case is deep. Brinell hardness of the case was 
enced by case depth, hardness of the core, and the amount of 
tenite in the surface layers. 

(he elastic limits of the oil-hardening steels in bending were 
mparable in value with the first crack in the case of the double 
eated case-hardened steels of higher alloy content. The impact 
ues of notched specimens were comparable with the notched case 
rdened specimens but, with the exception of 5140 which was low 

oth notched and unnotched, the unnotched values were higher. Oui] 
hardened steels are, therefore, even more adversely affected in their 
hock resistance by surface defects than are case-hardened steels. 

\Vear-test results were not consistent. When a lubricant was 

ised, the result was mostly a test of its film strength and when run 
dry, samples heated and wore rapidly. Indications were that wear 
resistance follows file-hardness. Nickel steels appear to have the 
cast resistance to wear. 

lensile and impact tests were made on pot-quenched, single and 

double treated samples. ‘Tensile strength follows closely with Brinell 
2512. There 


is more relationship between impact values of the core and the case 


hardness and is highest on the higher alloy steels such as 


hardened samples than in strength of bars, but there are exceptions, 
especially 6115.  Fine-grained steels had higher impact values than 
the coarse except 2315. Double-treated samples except 6115, had the 
highest impact values. 


Highest load carrying capacities are obtained with the higher 


alloy steels such as 2512, Krupp and 4820, if properly treated. [spe 


cially if deeply cased, they should not be pot-quenched. For high 
hock resistance, nickel steeels were best when unnotched, but lost a 
at deal of their advantage when notched, as did also the oil-hard 
ng uncased steels. S.A... 4615 steel had the highest average for 
tched impacts. The properties of that steel when fine-grained, 
pear to make it ideal for pot-quenching. The best properties of 
\. E. 6115 were developed by a single quench. S.A.E. 1020 has 
strength and shock resistance. S.A.E. 3115 has average prop- 


ies in strength and apparently good wear resistance. Fine-grained, 
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case-hardened steels were superior in both strength and Impact 


the exception of the impact of coarse-grained 2315. 


Other factors than those listed may be of importance for ¢ 
types of service. For example, dynamometer tests have show: 
pot-quenched pinions, even though the strength may be lower, ar: 
affected by high operating temperatures resulting from partial 
cation. Pot-quenched cases are softened less than reheated casi 
equal drawing temperatures and scuff less in service. Those r 
will be made the subject matter of another paper. 
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DISCUSSION 


O. E. Harper:' In discussing steel 2512, we note a marked increas 
the strength with high drawing temperatures. I should like to inquire to what 
extent that increase in strength is due to a transformation of retained austenit: 
to martensite or troostite on tempering. 

In connection with the observation that these carburized steels {ail 
fatigue at the base of the carburized zone, it is of some importance to mentio. 
that a similar phenomenon has occurred in the case of nitrided steel, the fatigu 
test showing that the failure starts at the base of the nitrided case 

O. W. McMuLLaAn: Examination of Fig. 20 shows that the maximu 
strength was found at about the maximum hardness, which would indicate that 
that was the point at which most of the austenite was transformed to martensit: 
or troostite, as the case may be, so that change in strength did go along with 
change in microstructure to give the maximum strength where most of th 
austenite was first transformed. 

Hyman Bornstein: I think the author should be complimented on this 
excellent paper. It is just the type of so-called “practical paper” that the 
Society should have at its meetings. It is full of useful and practica: informa 
tion. I would like to ask the author about Fig. 22, which shows distortion. It 
is a little complicated, and I was wondering whether it showed that there was 
more variation in distortion on the straight carbon steel with change in cas« 
depth than with the alloy steels. 

O. W. MeMuttan: Yes. The straight carbon steel varied more. 

HyMAN Bornstein: And there is also a wider range of distortion on th 


plain carbon steels? 


‘Assistant director, Battelle Memorial Institute, Columbus, Ohio 


Metallurgist, Deere and Company, Moline, III 





DISCUSSTON 38] 
\V. McMULLAN Yes, particularly on those quenched direct from the 
ing temperature. 

FLercHER Harper: I wish to compliment Mr. McMullan on his paper 

ve done similar work, paralleling his results very closely. I wish to con 

ne suspicion that he has put forward, namely that the fracture takes place 
the case and the core. With our bending tests, we applied a micro 


to the test bar and with high amplification we got a crushing, grinding 


which, to us, intimated a tearing apart at that section of the test piece 
any definite crack upon the surface. We considered this sound to be a 

ire taking place between the case and the core. 
P. Watstep:* I would like to ask Mr. Harper if he confirmed that 
lusion by stopping the test at the time he got the breaking sound and cut 
cross section to find if fracture had occurred. It seems to me that that 

iid be a rigorous proof of whether or not crushing did occur. 

Gorpon WititAMs:’ I would like to ask, in connection with the distortion 
whether the measurements of the pieces that were not directly quenched 
irburizing showed the majority of distortion to be from the carburizing 

tment—that is in the soft condition, after carburizing. 

O. W. McMutitan: On the single and double treated samples as in Figs 

4—the horizontal lines denote the change after carburizing only, and the 

ing lines the changes occurring during the hardening, so the end of the 
ntal line represents the position of the corners after carburizing and cool 
the box. 


Research metallurgist, Allis-Chalmers Manufacturing Co., Milwaukee 
instructor, department of metallurgy, Massachusetts Institute of Technology, 
Mass 
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THE INFLUENCE OF NONMETALLIC INCLUSIONS | 
THE PRECIPITATION OF PRIMARY CEMENTIT 
IN HYPEREUTECTOID STEELS 








By E. G. MAHIN AND E. LEE 


Abstract 


The effect of nonmetallic inclusions upon the segrega 
tion of primary ferrite in hypoeutectoid steels has bee: 
investigated and reported im earlier papers by many 
authors but the influence of such inclusions upon th 
segregation of primary cementite in hypereutectoid steels 
has recetved comparatively little attention, in the past 
In this tmvestigation, high carbon steel was produced 
by cementation of ingot tron and wrought iron, nearly 
carbon-free materials which, in the process of manufa 
ture, must have given little opportunity for segregation 
of traces of dissolved impurities, the influence of such 
segregation upon phase changes being thus eliminated. 
Pronounced cementite segregation resulted. An ea 
planation for this action is proposed, taking into considera 
tion the analogous effect in connection with ferrite segrega 
tion, and certain suggestions are offered in connection 
with the effects of carburization of “abnormal” steels. 


()* account of their importance in connection with strengt! 
characteristics, corrosion problems and machining qualities of 


metals and alloys, the problems presented by the presence of foreigi 






























































bodies of nonmetallic character have received a large share of 





attention from investigators in the field of metallurgy. Probably 





these problems are of greater importance in ferrous metallurgy b 





cause ferrous alloys find their widest use where mechanical strength 





is a major item in their selection. 





An extensive discussion of this subject, including a comprehen 
sive bibliography, was published in 1931 by Benedicks and Lofquist 
in their book, ‘Non-Metallic Inclusions in Iron and Steel.” The 
text of this book covers practically every phase of the subject 
upon which research papers have been published and no attempt 






















\ paper presented before the Sixteenth Annual Convention of the Societ 
held in New York City, October 1 to 5, 1934. Of the authors, E. G. Mahi 
is head of the Department of Metallurgy, University of Notre Dame, ai 
Kk. EF. Lee is a student of the same department, class of 1934. Manuscript 
received July 2, 1934. 








































HYPEREUTECTOID STEELS 


made, in the present paper, to repeat the survey of the 
ire, the citations being limited to such papers as bear upon 
ases of the problems here discussed. 
some years ago the senior author became interested in the much 
ssed question as to the influence of nonmetallic inclusions upon 
ecregation of the ferrite phase in hypoeutectoid steels. The 
‘ation of inclusions and ferrite had been noticed, probably ever 
the introduction of microscopic methods for metal studies. 
ether this relation was in the nature of a coincidence, the location 
ther of primary ferrite and inclusions resulting from a common 
or whether the presence of the inclusions in certain localities 
a fundamental cause of the separation of the ferrite phase in 
regions, Was a question upon which opinion divided but the 
nation was toward the latter view, with a satisfactory explana- 
still lacking. 
Beginning in 1919, six papers dealing with this phase of the 
iestion were published by the senior author and his students (1), 
(3), (4), (5), (6).* The general argument contained in these 
papers not only supported the view that nonmetallic inclusions cause 
emature separation of primary ferrite around them, but presented 
o a tentative explanation of this action. It was assumed that a 
ery shallow zone of metal, in the immediate vicinity of the inclusion, 
mtaminated by elements or compounds derived from the inclusion 
in solid solution. When a steel is heated into the y-temperature 
me and then slowly cooled, the dissolved material causes the first 
paration of primary ferrite to occur in this region and, thereafter, 
‘rite will normally crystallize upon nuclei so formed. 
Experimental evidence was presented to support this view and 
was shown that almost any chemical element, existing in low 
centration in solid solution but segregated in certain localities, 
cause such ferrite segregation. Stead, in several papers (7), 
supported his suggestion that phosphorus segregation is alone 
ponsible for ferrite segregation and his analysis of the behavior 
a steel cooling from above the liquidus and leaving a high phos 
rus content, as well as most of the inclusions, in the portions of 
liquid phase last to freeze, is sufficiently convincing. It has been 


d, however, that after destroying phosphorus banding in a rolled 


| by heating for 72 hours, co-segregation of inclusions and primary 
if 


ite was as evident as ever (1). It has further been shown (2) 


hgures appearing in parentheses refer to the bibliography appended to this paper 
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that artificially produced segregation of sulphur, manganese, 


aluminum, copper, zinc, chromium, tungsten, nickel and titani) 





caused ferrite segregation, In some cases in a very prot 











manner. 
The mechanism of the phase changes occurring as austenit 


slowly through the transformation range is similar to that of 





binary solutions, liquid or solid, in systems forming eutectics. 





cooling always occurs, even though sometimes to a small « 





lhe iron-carbon solid solution cools past the temperature of 





librium (or of y-iron-cementite equilibrium) and the temperatu: 





which the primary phase, ferrite or cementite, begins to eryst: 





is somewhat indefinite, depending as it does upon composition, 





of cooling and the possible presence of foreign bodies or of t: 








of dissolved additional elements. This spread between A, and 


\ 





(or between A,,, and Ar.) constitutes the thermal hysteresis gap ot 





the upper portion of the transformation range. 





In attempting to understand the effect of a third component 





added to an existing binary solution, attention is too often entirely 





focused upon the equilibrium diagram for the ternary system 
formed. Naturally the expected effect of the first additions of th 











third component is to lower the temperature at which a given trans 





formation is to take place, but it must be remembered that the new 





temperature, as represented on the constitutional diagram, is for 





equilibrium between the phases existing above and below this ten 
perature, 








In the present case we cannot ignore another effect of th 





presence of the third component, especially as this effect may, i 





some cases, be of greater importance than the one just mentioned 





as well as being entirely independent of it. The effect referred to 





is the narrowing of the hysteresis gap, due to starting the breakdown 





of the metastable solid solution at a higher temperature than would 





otherwise be the case. 





As a convenient illustration, one may consider the effect of th 





presence of a very small amount of sulphur in an iron-carbon alloy 





rom the standpoint of the iron-carbon-sulphur diagram, the inter 





section of the temperature vertical with the surface separating the 





y and the y-a zones would be lowered but very slightly by the presence 





of a few hundredths of a per cent of sulphur, such as would be found 





in any even moderately good steel or iron. “Slow cooling’ 1s a! 





ambiguous expression, at best, but if we limit its use to include am 











( 


( 


4)] 


HYPEREUTECTOID STEELS 


rate that will permit the formation of normal lamellar pearlite, 
naration between A, and Ar,, tor a hypoeutectoid steel, might 
much as 15 to 25 degrees Cent. If it may be assumed, merely 


lustrative purposes, that the traces of sulphur in a steel would 


the equilibrium temperature, A,, one or two degrees, but would 


the actual temperature of the beginning of phase change by tive 

es, then it is easy to see that ferrite formation would begin at 

her temperature than would have been the case in a pure iron 
alloy having the same carbon content. 

Che actual figures used in the above illustration are not essential 
e reasoning. The only assumption that has been made is that 
trace of the third component raises the temperature represented 
\r, to a greater extent than it lowers A,, and this assumption is 

accord with the known behavior of metastable solutions. 
let us consider now the case of an inclusion of manganese 

phide. It has been claimed by Giolitti and Tavanti (&) that they 
experimentally proved that slag and other similar inclusions 


ot soluble in solid iron. This conclusion is not only in direct 


utradiction to a great mass of experimental evidence, but it also 


not in accord with theoretical reasoning, since there is, theoretically, 


such condition as zero solubility. Their experimental method 


vas based upon microscopic measurements of the sizes of inclusions 


steel, annealed and quenched trom the liquid state, respectively 
sidering the fact that only average sizes could be determined in 
way and, even then, only with a rather large factor of error, 


a method could not be conclusive unless large differences in 


olubility existed-—a statement which we believe nobody claims to 


true. On the other hand, it has been proved beyond a doubt (4) 
the zone of metal surrounding manganese sulphide inclusion 
contain appreciably higher sulphur concentrations (and. no 

of manganese) than does the metal farther removed from 
nclusion. 
it may be proper to repeat here, in this connection, a statement 

t has been made 1n a previous paper, that this is another reason why 
inalytical determination of sulphur in steel is of such variable 
heance. Only total sulphur is usually determined and there 1s, 
the chemical analysis alone, no indication whatever as to the 
ve amounts of this sulphur existing as glassy manganese sul 
and as sulphur dissolved in the metallic phases. The former 


irmtul in a purely mechanical way and probably is not very im 
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portant, from the standpoint of strength characteristics, |b 
usually occupies a smooth and well rounded cavity. But the « 
sulphur is, of course, extremely objectionable. Leven the: 
dissolved element was uniformly distributed throughout t] 
it would seem that its effects would be negligible, or nearly 

There is no present method for determining what conce: 
of sulphur does exist in the metal shell in immediate conta 
an inclusion of manganese sulphide, but it may easily be 
that this concentration may sometimes be considerably high 
the figure given by analysis of the sample of steel as the « 
determines it. If even a thin shell of metal surrounding th 
sion is decidedly “short”, on account of dissolved sulphur, 
then dealing with a potential starting point for failures unde: 
impact or repeated stresses. 

If it is correct to assume that the presence of a small conc: 
tion of sulphur, for example, may diminish supercooling of au 
to a greater extent than it lowers the equilibrium temperatu 
the phase change, then the shell of high sulphur austenite i 
mediate contact with the sulphide inclusion will experience the bh 
ning of a-iron formation, in the cooling steel, before any pri 


ferrite forms elsewhere. Since, at all temperatures down to A: 


the austenite is in a metastable condition, ferrite will normally cry 
lize, to a considerable extent, upon the nuclei so formed and 


“tT 


tanuhiar microstructure will be noticed in the prepared s 
lf there are bands or threads of inclusions, the longitudinal sect 
will exhibit ferrite banding, whether or not phosphorus bandin; 
present. And the same reasoning will, of course, apply to ol 


segregated elements in any cooling hypoeutectoid steel. 


HYPEREUTECTOID STEELS 


lf the validity of this i:ypothesis is admitted, there still remains 
to be tested its application to steels in which the separating primar) 
phase is cementite, rather than ferrite. 

Stead (7), in explaining his conception with regard to the eftect 
of segregated phosphorus in promoting ferrite segregation, apparent! 
held to the view that, in regions of high phosphorus concentrat! 
austenite is actually lower in carbon content, the temperature 0! 
being thus raised. If this be a true picture of the behavior o1 
iron-carbon system, when cooling from the y-zone and when 
phorus is segregated, then the opposite effect should be notic 


HYPEREUTECTOID STEELS 


itectoid steels. For here, in the high phosphorus regions (the 
mlay be applied to other segregated elements, as well) the 
nt of carbon in solution should again be lower, but the tem 
re of phase change, upon cooling, should be lowered, rathet 
aised. In other words, instead of finding cementite segrega 
round inclusions, we should expect to find the inclusions, in 
ajority of instances, in pearlite grains. 
Mahin and Wilson (5) indirectly investigated this question by 
wing an experimental method which had been developed for 
eutectoid steels. Rods of various materials, ferrous and non 
us, were driven into holes in a hypereutectoid steel, after which 
piece Was given a protracted treatment at high temperatures 
entite segregation was observed after cooling. This is believed 
due to the inclusions thus artificially produced by the migration 
traces of the foreign material into the steel. 


IoX PERIMENTAL 


In the present investigation the question was approached from a 


ifferent standpoint. All manufactured steels freeze over a con 
iderable range of temperature, represented by the temperature zones 
closed between the liquidus and the solidus. This gives opportunity 


he co-segregation of inclusions and dissolved impurities, due to 


‘lope of the liquidus and solidus surfaces of the phase diagram, 
the self purification of crystallizing austenite which has been held 
stead to account for the later separation of primary ferrite in the 


egions of nonmetallic inclusions. In order to avoid this action, 


carbon steels have been prepared by cementation, using as 


(1) Armco ingot iron, (2) Swedish charcoal iron, (3) 


\ process wrought iron and (4) a wrought iron railway rail, 


contributed by the Louisville and New Albany Railway Co. and, 


sumably, dating back to fairly early railway history. The metallic 

e of none of these irons was presumed to be pure iron but all 
practically carbon-free and the composition and method of 
‘facture must be presumed to have allowed only a very limited 
ng temperature range. 


pecimens, in the form of square prisms, about one inch on a 
otf each of these irons were cleaned, packed in a commercial 
rizer and heated at 970 degrees Cent. (1780 degrees Fahr.). 


ximately four hours were required to bring the specimens 
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co Ingot lron 
co Ingot lron 5 Specimens were Carburized to 
(1780 Degrees Fahr.) and Cooled in the Carburizing 





Swedish Puddled Charcoal Iron x 150 
Aston Process Wrought Iron. < 150. Specimens were Carburized tor 


Degrees Cent. (1780 Degrees Fahr.) and Cooled in the Carburizing 
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Fig. 5—Aston Process Wrought Iron. x 350. 
Fig 6 Puddled Rail. <« 250. Specimens were Carburized for 192 Hours at 
Degrees Cent. (1780 Degrees Fahr.) and Cooled in the Carburizing Box. 



































HYPEREUTECTOID STEELS 
perature, which was then held for 192 hours. After cooling 
w Ar, (requiring approximately three hours) the pieces were 
y ved, cooled, sectioned and prepared tor microscopic examination 
pieces were found to have been carburized to a depth of about 
| ; eighths inch, with a considerable portion of the case decidedly 
4 | reutectoid in character. 
| Similar results were noted in all four cases. Primary cementit 
da pronounced preference for the regions occupied by non 
allic inclusions and the pearlite grains were considerably divorced, 


vielding a heavy network of cementite, in which most of the 


VAS 
“ 


aN usions were to be found. ‘The photomicrographs of Figs. 1 to 6, 
: i clusive, are typical illustrations of these structures. 
Sh : 
NS : DIscUSSION 
\lthough a chemical analysis of the materials used in the investi 
: ation has not been made, at least it may be said that Armeo iron 
is known to be a highly purified commercial iron. Kenyon gives (9) 


following statement as representing the average composition ot 





iron: 
Per Cent 
Carbon 0.013 
. P Manganese 0.017 
Phosphorus 0.005 
Sulphur 0.025 
Silicon trace 
Total 0.060-44 


Such a metal would necessarily freeze within a temperature range 

only a few degrees and the already small quantity of dissolved 

i unpurities would find little opportunity for segregation during the 
reezing process. Moreover, the long time period of heating for 
mentation, and the relatively high temperature employed, certainly 

vided ideal conditions for diffusion, so that dissolved impurities 

iy safely be assumed to have become practically uniform in dis 


1 
ral 


pution, except as they may have been continuously contributed to 





austenite by discrete particles of inclusions. HEven as notoriously 


ygish an element as phosphorus could no longer remain segregated 





limitting a possibility of slight segregation in the original iron) 
it has previously been shown (1) that a much shorter heating 
iod than that here employed was sufficient to destroy phosphorus 
ling in an ordinary hypoeutectoid steel. That such impurities 
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were so contributed appears to be certain, from the result 
treatment. 

except lor a probable lower degree of purity, the casi 
\ston process iron would not be materially different, for 
has been blown in the converter to free it, so far as possibl 
carbon and other impurities and the later addition of liqui 
should not materially affect the fundamental distinction inf: 
characteristics between this and medium or high carbon stee! 
the same opportunity has been provided in this, and in the oth 
specimens of puddled iron, for equalization of concentration 
the cementation period, The cementation steels made from th 
samples of puddled iron are similar in structure to the cem 
\rmeo iron and Aston process iron. 

Nonmetallic inclusions in these samples do not universal 
in the primary cementite network, but the great majority of! 
are so located. The tendency of the network to follow the loc: 
the inclusions is unmistakable. Inspection of the photomicrograp! 
shows that, in a great many cases where an inclusion has been locat 
near the obvious course of the network of cementite, the latter ha 
curved aside to include it, and there is generally an enlargement i 
the network as it passes around the inclusion. This is only anothe: 
way of saying that cementite precipitation has started in the zon 
about inclusions and that the network (cell, in three dimensior 


has been developed by spread from these centers. 
DIVORCEMENT 


\ttention has already been called to the excessive pearlit 
divorcement that has occurred in all of the specimens. Since all 
the hypereutectoid zones were produced by pack carburization 
would be stated that all four materials were “abnormal”, in the se: 
in Which this term is now used. The authors have no desire to ad 
to the confusion—if such it is—in connection with the attempt 
understand the mechanism of what takes place during the carburizi 
and later cooling of abnormal steels. Probably nearly everyone a 
cepts the view that oxygen in the steel is primarily responsible |: 
abnormality and it is noted further that Grossmann has presented e\ 
dence (10) to indicate that it is not total oxygen, but only oxyg 
which has dissolved during the carburizing process, that is here sign! 
cant and, even then, only in materials of low manganese content 


would appear that the oxygen so dissolved can hardly be chemical! 








HYPEREUTECTOID STE! 


rather that of one of the oxides of carbon probably carhon 
formed from carbon monoxide in the surtace layers of the 
. the reaction: 2CO0 — CO), + ¢ 
the course of discussions of the pearlite divorcement. that 
lace in the hypereutectord zones of carburized abnormal steel 
erm “diffusion” is often used to express the movement ot 
te-cementite to join the primary cementite in the network his 
ippears not to be a fortunate one, in this connection, since 1 
ly apphes to the movement of elements or compounds in solu 
obedience to the force of osmotic pressure Phe movement 
ementite, during the progress of divorcement, 1s of a distinct 
already formed, analogous to the coalescence of particles dis 
in an emulsion. Coalescence is always the result of a differ 
between the surface tensions of the two phases composing the 
ion and it 1s always the particles of the phase of higher surtac 
on that coalesce to form masses of lower relative surface 
\With this distinction in mind it seems obvious that “abnormality — 
tused by some influence which widens the difference between the 
rface tensions of ferrite and cementite, by lowering that of ferrite 
raising that of cementite, or by both effects. Whether it be 
ygen, in some form, already contained in the steel, oxygen dissolved 
ing carburization, or the presence or absence of excess manganese 
(;rossmann believes) or of some other element or elements, that 
esponsible for the phenomenon of abnormality, it would appear 
that this imfluence widens the difference im = surtace tension 
tween ferrite and cementite and (b) that the elements which cause 
ivorcement are segregated, either in the body of the austenite grains 
re the phase transformation begins or in the austenite gram 
indaries where the cementite network will begin to form = in 
cooling steel. In the present paper, no answer to this question 
uggested but it is believed that this aspect of the matter deserves 
rther attention. 
Harder and his co-workers (11 By | 12) supported the view that 
presence of dissolved oxygen shifts the Ay line of the iron 
on diagram to the left, thus reducing the eutectoid carbon ratio 
would result in the formation of more primary cementite and 
pearlite, but it is difficult to see any relation between this and 
tendency of pearlite to divorce. Divorcement itself is apparently 


onsible for soft spots in the heat treated piece, the massive 


ntite returning to solution so slowly that low carbon austenite 
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in its vicinity transforms to troostite, instead of to martensit 
quenching. 


CONCLUSIONS 





Nonmetallic inclusions affect the locus of the primary cet 
network in hypereutectoid steels, through a mechanism sim 

that operating in the precipitation of primary ferrite in hyp 

toid steels. Dissolved impurities are segregated in the au 

zones which are in the immediate vicinity of the inclusions, an 

segregated solutes cause the beginning of the primary phase { 

tion before Arg, is reached for other parts of the solid sol 
Probably this action is due to a diminished thermal hysteresis 0 
material about the inclusion, due to the presence of the dis 

impurity. 
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DISCUSSITON—HYPEREUTECTOL! 
DISCUSSION 
Written Discussion: [by H. bB. Pulsifer, metallurgist, Ferry Cap and Set 
Co., Cleveland. 
reading over the paper it seems to me that the authors may have been 
assuming that the black spots in their carbide networks are inclusions 
ally in the irons used. 

One recalls that Protessor Arnold, at that time of University College. 
eld. as long ago as 1898 found that after ten cementations some two 
nt of carbon could be induced into iron but that it came out largely as 
te in the cold metal.’ 

If the black spots in Mahin and Lee’s paper are to be adjudged as in 
ns, instead of graphite from the decomposition of cementite, they should 


the characteristics of inclusions. The spots in question very much re 


le the depressions left after rubbing down the soit surfaces of precipitated 


hite. Fig. 6 of the paper indicates that a little longer heating, or cooling 


od, would have converted all of the massive cementite to graphite 


Oral Discussion 


ID). YENSEN: | would like to ask a question which is somewhat apropos 
he main topic, namely what the distinction is between a nonmetallic in 
sion and a metallic inclusion. 

Kk. G. Manin: I do not know that I can answer that question. [I suppose 
inference is that we do not need the term “nonmetallic.” 

\t this moment I cannot say that I can think of any metallic imelusions 
term nonmetallic, however, has been used from the very beginning in such 
ussions, and | suppose we keep on using it because other people have used 
lore us. 

I). YENSEN: I have discussed this matter with my colleagues, and | 

not found anybody who has really a very satisfactory reply—maybe 
Negler has one now. It 1s with this as with so many other things—we 
t to use a term carelessly, and we just go on using it irrespective ot 
hether it has any sense or not. After thinking about it, it seems that 
could very well do away with “nonmetallic” and just talk about inclusions 
N. A. ZieGLter:* There is no definite boundary line between structural con 
tuents and inclusions in alloys. Both of them may be considered as mem 

{ binary or more complicated systems, and the difference is only in the 
itive solubility. For example, physically a cementitic particle in steel 1s just 
much an inclusion as a particle of manganese sulphide, but it 1s not cus 
ary to refer to it as such. Both iron carbide and manganese sulphide torm 
nite systems of alloys with iron. In regard to the former reference may 
made to the well known iron-carbon diagram, and in regard to the latter, 
the diagrams by Benedicks and Lofquist in their volume on the inclusions 

n and steel. The difference is that while iron carbide may be dissolved 


n to a considerable extent, the solubility of manganese sulphide is low 


ine Metallographist, Vol ae p 64. 
Metallurgist, Westinghouse Electric and Manufacturing Company, East Pittsgurgh 


Metallurgist, West Penn Power Company, Pittsburgh 
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lhe customary distinction is that by “inclusions” are meant parti 


under a microscope in an unetched metallic surface, while particl 


( 
i 







only after etching are reterred to as “structural constituents.’ 
\s an example of metallic inclusions, lead in copper and its allo 
considered. Since lead particles are visible in polished and un-etched 


of copper alloys, I think they should be classified as inclusions. 











ke. G. Main: In case of the lead-copper alloy, | should not call th 
arated phases inclusions because they are essentially parts of a system 
we speak of nonmetallic inclusions, and the term may be entirely illogi 
unnecessary, it 1s true just the same that the nonmetallic inclusions ar¢ 
unwanted things—not essential parts ot the system. We cannot get rid 
but we do not care anything about them and we do not care to hav 
present. When we speak of cementite or any other essential phase of a 
alloy that 1s a thing that we expect to be present, and by varying thermal 
ment we alter the condition of these phases and bring about the producti 
desired properties in the alloy. So we should be very reluctant to speal 


any distinctive phase in a metallic alloy as an inclusion. The nonmetalli 







clusion may be essential from the standpoint that we cannot get rid of 
it is not anything that we have tried to produce or to have present. P 
we should discontinue the term “nonmetallic”; as a matter of fact, 


many people have done so and I do myself frequently speak simp! 






“inclusions.” 





DD. FF. Mckartanp:* It does not pay to quibble, but when a 


says that the nonmetallic inclusion, as he calls it, is always unwant 





! wonder if that is true. I have understood that tungsten filament 







have certain inclusions in them to perform a very definite office. I have unde 
stood that same thing is true of aluminum alloys, and certain other kin 
alloys, where nonmetallic substances are introduced for the definite purp: 


restricting grain growth, so I do not believe that “unwanted” is exactly corr 









Ke. G. MAHIN hat is a question then for the committee on nomenclat 

W. J. Diepericius | would like to ask a question of Professor Mahn 
wonder if he has studied the ferrite ring which forms around the temper-graj 
spot in white iron, partially malleableized, and whether he would considet 
the original temper graphite spot there acts as an inclusion to promote the se] 
aration of ferrite from the solid solution immediately surrounding that graphit 
spot he question is briefly, ‘Does he consider that the temper graphite s| 
acts as a definite inclusion in that instance ?” 


Kk. G. Manin: Here is another case where the inclusion is perhaps not 










wanted. I do not know that I have thought very much about that. I presun 
that | have had the same idea that others who have not studied the question pa 
ticularly have had, that the ferrite surrounding the graphite spot has been d 
to the formation of graphite in the first place, that is to say that the formatior 
of graphite has left uncombined iron surrounding it. I do not know that that 
correct. Just at present, I cannot see that there would be any relation betwe« 


this graphite inclusion and the austenite which has existed at higher temperatu! 








‘Head, 


Metallurgist, Autocar Company, Ardmore, Pa 


department of Metallurgy, Pennsylvania State College, State College, [a 















ot lror Specimen Carburized tor 192 


Fahr.) and Cooled in the Carburizin Box 


11¢ 


is to that existing between the nonmetallic inclusion and austenite 


prepared to definitely answer that question 
remarks of Mr. Pulsifer were received some weeks atter the date ot 


the paper. On account of the unusually dark appearance ot the in 


is, the suspicion that at least some of them might be graphitic carbon was 


ntly justified his dark appearance was enhanced by the photograph 
ss, since we were primarily concerned with etching and photographing 1n 


Manel 


a>] 


as to bring out, as strikingly as possible, the microstructurt 
metallic phases. With Mr. Pulsifer’s criticism in mind, the specimens have 
very carefully re-examined, at both low and high magnifications 


e was a graphite inclusion (or a pit formed by rubbing one 


In no 


out ) tound 


the inclusions, whether rounded or elongated, being of dark gray glassy 


irance or having the mottled character of slag of two phases 


night be remarked also that if any graphite had been tormed 


| by graphiti 
of massive cementite, such inclusions should be bordered by ferrite. No 
structure was detected in any of the specimens 


One additional photomicrograph has been made at 650 diameters, 


the piece 
irburized 


\rmeo iron) having been repolished and photographed without 


ious etching. On account of the massive character of cementite, relief pol 


has revealed the structure fairly well. This is shown in Fig. 7 


ie / 

















DIRECTIONAL PROPERTIES IN ROLLED AND ANNE 
LOW CARBON STEEL 


By ARTHUR PHILLIPS AND H. H. DUNKLE 
Abstract 


This paper includes simple mechanical tests on hot 
and cold-rolled low carbon steel and cupping and mechani 
cal tests on strip annealed at four temperatures rangin 
from O80 to 745 degrees Cent. Tests were made on speci 
mens cut at 0, 22.5, 45, 67.5 and 90 degrees to the rolling 
direction. In the material given heavy reductions prio) 
to the annealing treatment, a maxtmum in tensile strength 
and a minimum in elongation values were found at about 
45 degrees. The height of the ears on drawn cups in 
creased with the degree of cold rolling. The strip rolled 
1) per cent formed ears 45 degrees to the rolling dire: 
tion. From the strips rolled 50, 60 and 69 per cent ears 
were located in all cases at the 0 and 90-degrce positions 


HIS paper is one of a series devoted to the consideration 
a properties in cold-worked and annealed metals. Wit! 
the exception of the results reported at this time our studies have 
been mainly restricted to copper and copper alloys':’. The general 
object of the program is t 


» furnish a desirable compilation of 
mechanical properties showing the significance of fiber effects pro 
duced by a diversified schedule of working and heat treatment which 
will in addition serve as a statistical background tor a proper evalua 
tion of X-ray studies on fibered materials. Although fibering has 
been studied by X-ray methods by a number of workers, no serious 
attempt has been made to correlate the results with the behavior ot 
the metal under deformational treatment. 

In general, two distinct types of fiber may be produced in 
wrought steel. One form, commonly known as mechanical fibering, 





‘Arthur Phillips and E. S. Bunn, “Directional Properties in Cold-Rolled and Annealed 
Copper.”’ Transactions, American Institute of Mining and Metallurgical Engineers, 1931, 
Vol. 93, Institute of Metals Division, 353. 

?Arthur Phillips and C. H. Samans, “Directional Properties in Cold-Rolled and An 
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A paper presented before the Sixteenth Annual Convention of the Societ 
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of Metallurgy, Yale University, New Haven, Conn. Manuscript received Jur 
25, 1934. 
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rom the extension ot segregated constituents such as den 
slag, Vas holes, carbides and sulphides. ibering of this kind 
tally evidenced by the presence of stringers or bands extended 
lirection of working and in many cases may be detected by 
aracter of the fracture. The second type, essentially a crystallo 
ic fiber, is produced by working. By cold-working a metal 
rains are elongated and continued reduction usually results in a 
lition of parallelism in the structure. Furthermore, under certain 
litions of working there is a pronounced tendency for the erys 
fragments to become oriented in certain directions with respect 
he axis of extension. Even after annealing following cold 
ing preferred orientations may be present. 


Howe® studied the causes and practical significance of fiber in 


Table |! 
Composition and Rolling Treatment 
Analysis of Composite Sample 


Composed of Drillings Taken Across 7-Inch Strip 


Hot-rolled 7 

to Inch Carbon Manganese Phosphorus Sulphur 
0.053 0.07 0.37 0.008 0.032 
0.065 0.08 0.40 0.006 0.032 
0.079 0.08 0.40 0.006 0.034 
0.103 0.07 0.36 0.007 0.030 


and wrought iron. His assembly of data, covering some 1700 

s, showed that wrought iron and puddled steel sheets (materials 
lastic origin) were weaker transversely than longitudinally. The 
nsverse deficit ranged from 5-29 per cent. The longitudinal test 
also yielded the better elongation values. In the steels of 


origin the differences in tensile properties were less pro- 


9 
tunced 


n general, however, the longitudinal tests were distinctly 
erior in strength and elongation values. It should be noted that 
data compiled by Howe were obtained from many sources and, 

rthermore, most of the tests were made prior to 1890. The testing 

sults collected by Howe without doubt show the effect on properties 
mechanical fibering resulting from the relatively large amount of 
and sonims present in the material of those days but are of 
value in studying the nature and significance of crystallographic 
ring, 
(he present paper is concerned essentially with simple mechan 


sts on hot-and cold-worked low carbon steel, and cupping and 


M. Howe, Metallography of Cast Iron and Steel,’’ McGraw-Hill Book Co., 1916 
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mechanical tests on the annealed steel. 





No attempt has bee 
include a study of the age hardening characteristics of the st 
veneral, all tests were made very promptly after the mate: 
received from the mill in order to avoid complications whic] 


be due to aging. 


PREPARATION AND TESTING OF Hot-ROLLED Mareria 


our ingots were selected from an open-hearth heat whi 

















a ladle analysis as follows: 


Per Cent 
Carbon 0.09 
\Manganese 0.40 
Phosphorus 0.008 
Sulphur 0.028 








(One slab, taken from near the top of each ingot, was set 
tor the hot-rolling treatment. The four slabs were then hot 

into 7-inch strips differing only in gage as shown in Table | 
resulted in four coils averaging about 550 pounds. 

Tensile strength and elongation tests were made on speci 
representing five directions in the hot-rolled strip, viz., 0, 22.5, 45 
67.5, and 90 degrees to the axis of rolling. The results of the tests 
are summarized in Table II and are shown graphically in Fig 
The maximum variation in tensile strength of the several strips 
found in the material rolled to 0.053 inch, 1.e., the steel having 


ereatest reduction. In this case, the transverse strength was tow 








to be some 6 per cent greater than that of the longitudinal specime: 
he corresponding ditference in the material rolled to 0.065 
was only about 3 per cent. No attempt was made to determin 


cupping tests whether or not directional tendencies of the o1 










noted in these tests have any significance with regard to the formatio: 
of ears on drawn cups. The hot-rolling program was planned 
furnish a reasonably uniform series of strip, differing only in thi 
ness, which would be best adapted for the investigation ot 


reduction effects and subsequent annealing treatments. 


Tests oN CoLp-RoLLep STEEI 


\pproximately 150 pounds of strip were cut from the cet 





of each of the 550-pound coils of hot-rolled steel. The mate 
thus located had cooled slowly and relatively uniformly from 
finishing temperature. After thorough pickling, the strips 
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d to a common gage, 0.032 inch. This treatment resulted 
strips of identical dimensions but differing markedly in th 
duction by cold-rolling. The reductions were 40, 50, 60, and 
cent (see Table II). 

nsile tests were made on these strips in the five directions with 


to the rolling axis. The results are shown in Table III and 


130 
Hot Rolled fo: Cold Rolled tn: 
Shown Re a ctions 


0.103 in. 
—-— 0.079 in. 
— —— 0.065 in. 


0.053 in. 


Stren Ve Ay 
~ 
a 
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1000 1bs./5q.i7 


aA 
DH 


S//2 


Jen 


Tensile Strength, 1000 1bs. per sg. in. 


N2I?. 
‘ent 


long. 
Pep 


é 


a 90° 
Angle to Rolling Direction 
Fig. 1—-Tests on Hot-and Cold-Rolled Material 


In general, it may be stated that, in all cases, the transverse 
ngth is the greatest; furthermore, the strength values increase 
ressively from the O to the 90-degree positions, with the excep 
that a peak is evident in the 22.5-degree direction in the strips 
luced 60 and 69 per cent. The transverse strength is some 10 to 
er cent greater than the longitudinal. Moreover, the percentag 
rence does not seem to be a function of the degree of cold-working 
hin the range of reductions studied. 
Our results on copper and 90-10 brass have shown a steady 
ase of strength from the O to the 90-degree directions. The 
verse strength of severely rolled (90 per cent reduction) tough 
copper is only approximately 3 per cent greater than in the 
tudinal direction; in 90-10 brass, reduced 95 per cent, the 
erse superiority was found to be about 17 per cent. 


TESTs ON ANNEALED STEEL 


\?f 


er testing the cold-rolled strips, each of the four coils was 





















Properties of Hot-Rolled Steel 





‘ounds per Square 








cut into four parts. One length from each coil was anneale 





Ele ngation 1 
Per (C¢ 


degrees Cent., a second at 705 degrees Cent., a third at 720 


Cent. and the fourth at 745 degrees Cent 


In each heat tr 


the specimens were brought with the furnace to temperatur 


for two hours, after which the metal was furnace-cooled to o; 


temperatures. 


phere of producer gas. 


All heating and cooling was carried on in an 


The results of the hardness, tensile and Ericksen tests n 


the sixteen sets of material are given in Table IV. 
these measurements, cupping tests were made and the locatio: 
heights of the ears are also included in the Table IV. 


shown represent the average heights of the ears above the adjacent 


valley. 


In additior 


The 


With respect to the tensile properties of the strip annealed 


the lowest reduction (40 per cent) it is interesting to not 


although the strength values have markedly decreased as would 


expected, the curves in general are similar to those for th 


worked materials, in that there is a more or less progressive incr 
in strength from the O to 90-degree positions. 
type of fiber induced by cold-working has persisted after the annea! 
Ing treatments. 
tions tend to shift the maximum tensile strength value fron 
90 to the 67.5 and 45-degree directions. 
subsequent to the 69 per cent reduction, however, there is a de 
maximum at the 45-degree position. 


The anneals following the 50 and 60 per cent 


other hand, for the 69 per cent reduction reach a minimum 


in the neighborhood of the 45-degree direction. 
wise to attempt to correlate the minor differences in properties 


the heat treatments for a given reduction. 


the slight irregularities in treatment almost unavoidable in 


It does not 


It is quite probab! 


In other word 


1 


In the case of the a 


Tensile and elongation values are shown graphically in |) 
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The elongation values, 01 
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Fig. 2—-Tests on Annealed Steels 


ywram, may be responsible for greater differences within a group 
than may be properly attributed to the planned heat treatments within 
the annealing range considered. 
lurning now to the cupping tests, which are probably a more 
significant index of directional effects, it 1s evident that the height 
{ the ears increases with the degree of cold-rolling prior to the 
annealing treatment. Generally speaking this condition has been 
noted by the authors in copper and copper base alloys. Disregarding 
the moment the material rolled 40 per cent, it is interesting to 
note that the relative ear heights for the 50, 60 and 69 per cent reduc 
are 1, 2 and 3. For these reductions, the ears are located in 
0-degree and 90-degree directions with respect to the rolling axis, 
itions commonly observed for the tips found on drawn. steel 
les. In the case of the material rolled 40 per cent, however, 
ears were found without exception at 45 degrees to the rolling 
tion. As far as the writers are aware, ears are seldom, if ever, 
| in the 45-degree position in commercially drawn steel articles. 
it is interesting to note that the greatest earing tendencies, from 


tandpoint of dimensions, were found in the material showing a 























lable III 
Properties of Cold-Rolled Steel 









Tensile Strength 


\ Pounds Pe oquare Inch | 
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maximum strength value and a minimum elongation valu 
15-degree direction. In all such cases the ears were found 
and 9O-degree positions with respect to the axis of rolling. | 
other hand, tough-pitch lake copper, annealed at high tem)» 
following heavy reductions, has a decided elongation maxin 
the 45-degree direction but also develops ears at the O and 90 
locations \Ithough the explanation for this apparent ai 
is not clear we must at least bear in mind that we are dealin 
materials havine different lattice characteristics, namely, tl 
alpha iron is body-centered cubic while the copper is face- 


cub 


Table 1V 





Properties of Annealed Steel 
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é 18,600 49,700 100 0.900 L000 ; 
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ferring again to the curves ot Fig evident that th 


4 


showing the maximum differences in tensile properties within 
strip does not necessarily develop the highest ears Hoy 
_the steel rolled 40 per cent prior to the annealing treatment 


maximum directional variations but developed ears only 


rd as high as those formed from the strip rolled 69 per cent 


he writers are indebted to the Stanley Works for the material 


their tests. They are vlad to acknowledge the interest and 
nee of Rk. L. Baldwin, chief chemist of the American Tube and 


Plant of the Stanley Works. 


DISCUSSION 


Written Discussion: by Robert F. Mehl, Director and M. Gensamer 
Research Laboratory, Carnegie Institute of Technology, Pittsburgh 

sO many thousands ot tons of steel have been hot and cold rolled it 

ed pleasant to have Professor Phillips and Mr. Dunkle present this worl 


ction properties in steel sheet for it 1s, so far as we know, the first paper 
subject There are so many interesting and important scientific prob 
he manufacture and use of steel sheet that the lack of papers in this 
than surprising. 
haps the most surprising thing about the results reported is the small 
in directional properties between the 40 per cent cold-rolled and 
cent cold-rolled sheet shown in Fig. 1, as pointed out by the authors 
clined to aseribe these directional properties to the effect of the pre 
rientations present in the sheet, and if there is, as other investigator 
nd, a gradual increase in the degree of preferred orientation as rolling 
the results of the authors are difficult to understand 
ippens that a study of the development of the preferred orientations 
| 


by cold rolling in steel of a composition similar to that reported here 


being performed in our laboratory. The most complete work on this 


reported is that of Kurdjumow and Sachs,’ who prepared a iull 
the preferred orientations in a sheet cold-rolled 98.5 per cent 
data showed that the complicated preferred orientations can be expressed 
nbination of three simple orientations: (1) (1 0 0) parallel to rolling 
1 1] parallel to rolling direction; (2) (1 1 2) parallel to rolling plane, 
arallel to rolling direction. Of these three orientations, numbers (1) 


ire present in nearly equal amounts; number (3) is only a slight 


work which we have done on the same subject has confirmed the work 
ljumow and Sachs. We have included in our studies samples cold-rolled 
cent upwards and full pole figures have been prepared on a number 

tor both the inside and outside of the sheet. We have found that 

O} preferred orientation just described is deve loped at the beginning of 


Sachs, ‘“‘Walz- und Rekristallisati text von Eisenble 


62, 1930, ~ )9.SO9N 
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Photograms of Cold-rolled Material Rolled with the Percentage of Red 
Indicated Photograms Taken with Plane of Sheet Perpendicular to X-ray Bean 



















the process, though our photograms are insufficiently developed to permit 
analysis in terms of pole figures below 40 per cent cold rolling. Between 40 
per cent and 99 per cent there is a progressive sharpening of the diffraction 
nodes, but this may be partly caused by increasing fragmentation rather than by 
an increasing degree of preferred orientations. There is a slight difference in 
the distribution of the pole areas with increasing cold rolling and also a di! 
ference between the inside and outside of the sheet, but at no point between 
40 per cent and 99 per cent is there any radical change in the type of preterred 
orientation. This is contrary to previous statements’ based on single photo 
grams. It must be stated that single photograms are of little use in evaluating 
types of preferred orientation or degrees of preferred orientations. The use o! 
“four-point” and “six-point” photograms in characterizing two types of pre 
ferred orientations is especially to be condemned, for a very slight shiit in 
orientation, either of the sample studied in relation to the direction ot 








“W. A. Sisson, “Cold Rolling Low Carbon Sheet Steel,’’ Metals and Alloys, \ 4 
Dec. 1933, p. 193-198 
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preterred orientations within the sheet will suftice t 


or ot the 
In such cases there may 


of nodes on the diffraction ring 


itll, 
e number 
ly unimportant change in preferred orientation 


Phillips and Mr. Dunkle kindly supplied us with some 

ld-rolled material, namely those cold-rolled 40, 60 and 69 per cent 
uns taken with the plane of the sheet perpendicular to the X-ray beam 
ig. We see that there is little change in th 
cold rolling increases This is con 
strength, shown in Fip 


sample 


eSso! 


wn in the accompanying 


<< of the nodes as the degree ot 
measurements of tensile 


the results of the 
effect HLlowever, out sample 


with 
shows little change in the directional 


gradual development ot the preferred orientation : 
a progressive development in 


more and it is a 
ly possible that our samples would show 
These differences are 


i 
nal properties in this range. probably caused 
material, grain-size, and rolling 


tterences In type ol 
result of the author’s having rolled all their specimens from a 
samples Were rolled 


a common thickness, whereas our 


technique, and may 


be the 


ot thicknesses to 


common thickness to a variety of thicknesses 
heet below ap 


not possible to study preferred orientations in steel 


ately 40 per cent cold rolling (at least in our materials), for the grain 
film, without clearly detined 


though it is possible that 


large to give a spotty noc 


sufhiciently 
limitation in the X-ray method, 


a severe 
techniques might be developed to give better results 
lammann some 


l¢ 


lt is surprising that the sound figure method developed by 


ago has never been improved by the use of modern sonic and other driv 
believe, would be much more useful on low 


mechanisms. This method, we 
method, and many important 


{ preferred orientation than the X-ray 


trial problems concern low rather than high degrees of preferred orienta 


the diffraction patterns which Dr. Gen 


Goss :* I understand that 
beam normal to the plane ot 


shown were made with the X-ray 


| find that in order to get the maximum information concerning the dis 
ition of the crystal fragments, the specimen must be 
study the distribution of some 


position at which the grain 


set at various angle 


the X-ray beam in order to important 


tallographic direction and to determine the 


ments are oriented most strongly. 
the case of cold-rolled material I find that the limiting 


orientation for the 1 1 0 plane is about 20 degrees beyond which there 1 
roll diameter and 


angle ot pre 


rientation, the limiting angle varies depending upon the 
Another thing which | have 
direction; that 1 


imount of back tension used. found is that 


nost intense fibre structure is developed in a transverse 
the X-ray beam is transmitted parallel to the surface and at right angl 


When X-rayed in this direction that even a small 


e direction of rolling. 
intense fibre structure It 


nt of cold work, or hot work, devolpes a very 
seen therefore that not only is it important to study the distribution of 


4 


Tammann and E. Schréder, Zeitschrift f. Metallkund 
nand W. Riedelsberger, Zeitschrift f. Metallkunde, Vol 


ysicist in charge of metals research, Cold Metal Proce 
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the grain fragments about some important direction but it 1s also of t! 
importance to determine the direction in which the fibre structure 


tense 


Authors’ Closure 


The discussions by Messrs. Mehl and Gensamer and Mr. Goss c 
with the X-ray diffraction characteristics of the cold-rolled steel Phe 


previous to the presentation of the paper, had made a short study of 


conditions of the several specimens of rolled material and their result 
the conclusions expressed by Messrs. Mehl and Gensamer. 

We are inclined to believe that the X-ray approach is likely 
disappointing in the study of preferred orientations in metals slightly 
ately cold-worked. For this reason, we are pleased to learn that D1 
considering other methods of attack \s he suggests, the sound figur: 
developed by Tammann may prove useful for determining the degre 
ferred orientation in the earlier stages of reduction. Generally speal 
most satisfactory fiber studies to date have been concerned with meta 
worked most drastically and for that reason not comparable to the 


included in mill schedules. 





MALLEABLE CASTINGS 


\_LRERT SAUVEUR AND Harry | \NTHON\ 


\ 
| / ~f f 
‘ STVACI 


This paper meludes an attempt at explaming t) 
hanism of the formation of graphite in the malleablei 
process. Free cementite only graphitizes above thi 
nal critical range. The carbon present in the austen 
¢c matrix above that range must be thrown out of solid 
ution through the formation of pearlite before graph 
ng CaN take place. his process moreover causes the 
eroidizing of the pearlite-cementite as a necessary step 
eding its graphitizing. Through suitable annealing 
timents it is possible to produce castings with different 
trices and therefore possessing widely different physical 
yperties. These matrices may be ferrrtic, pearlitic o1 
rbitic in character or they may be in the spheroidized 
ndition when tensile strengths in excess of 100,000 
uunds per square inch are readily obtained conbined with 
longation of some 7 per cent. The annealing treatment 
ds not exceed 40 hours. 


, | THE art of imparting a certain amount of ductility and toughness 


castings made originally of white cast iron and, therefore, 


tremely hard and brittle is a very old one. As practiced in the 
ted States, the operation consists of a long annealing of the 
tings at a temperature well above their thermal critical ranges 
wed by very slow cooling. The articles now known as “black 
~ castings are made up of many rounded particles of graphite 
mper carbon) embedded in a matrix of ferrite. Their tensile 
ngth may reach some 55,000 pounds per square inch and then 
ngation some 15 to 18 per cent in two inches. The specifications 
e American Society for Testing Materials call for 50,000 pounds 
quare inch and 10 per cent elongation for one grade and 53,000 
ds per square inch and 18 per cent elongation for a better grade, 
[here seems to have been little desire, at least until quite recently, 
he part of manufacturers to modify the matrices of malleable 
paper presented before the Sixteenth Annual Convention of the Society 


New York City, October 1 to 5, 1934. Of the authors, Dr. Sauveur 1 


McKay Professor of Metallurgy and Metallography, Harvard Uni 
and Harry L. Anthony is candidate for the degree of Doctor of Science 
tallurgy, Harvard University, Cambridge, Mass Manuscript received 
0, 1934 
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castings and thereby to produce different physical propertic 
greater strength. Makers of grey castings, on the contrary 
satisfied with castings made up of graphite and_ ferrite 

suitable control of composition, size of castings, rate of cooli 


they produce at will castings having hypoeutectoid, eutectoid | 
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Austenite Graphite - 
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Cementite Pearlite Graphite 
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big 1 and 2. Diagrams Showing the Heating of 2.50 Per (¢ 
Carbon White Cast -ron Hlaving 72.50 Per Cent Pearlite and 2 Ve 
Cent Cementite and the Structural Changes Which Take Place 



















Cm+A G+A 
4-36 hrs. 





.= 55,000 1bs./sq.in 
= 18.4% 








eutectoid matrices, pearlitic or sorbitic, and, consequently, vai 
much in tensile strength, hardness and ductility. These considera 
led us to investigate the practical possibility of producing mallea! 
castings in which the temper carbon may be embedded into sor! 


pearlitic or spheroidized matrices. It should be borne in mind 








MALLEABLE CASTINGS $11 
matrices malleable castings should be superior in properties 
castings, because of the rounded form assumed by temper 
compared with the well known occurrence of graphite in 
iron. It should be possible in malleable castings to combine 
trength with suitable ductility to a much greater extent than 


v 
y castings. The materials used in these experiments were 
ed from various sources but the analysis of all brands were 
led within the following limits: 
Per Cent 
Carbon 2.20-2.50 
Silicon 0.85-1.00 
Manganese 0).26-0.37 
Sulphur 0.03-0.10 


MECHANISM OF GRAPHITIZING 


let us consider briefly the mechanism of the graphitizing of the 
bide Fe,C during the malleableizing process. Assuming the white 
to contain 2.50 per cent carbon, it will consist of approxi 

ly 72.50 per cent pearlite and 27.50 per cent free cementite 
()n heating this casting through its Ac,..., point (Figs. 1 and 2), 
pearlite is converted into austenite. At higher temperatures, some 
this free cementite goes into solution in the austenite. At some 
M0 degrees Cent. (1050 degrees Fahr.), which may be the annealing 
mperature for malleableizing, the casting contains CID per cent of 
tree cementite, possibly some 20 per cent. Given time, this cementite 
| graphitize ; that 1s, will be converted into small particles of temper 
rbon, while the ferrite set free by this dissociation will diffuse into 
urrounding austenite. The proportion of graphite at this stage 
he represented by the distance EF in ig, 2. As the iron now 
ols slowly to the critical range, some cementite is liberated from 
iustenite and it graphitizes, as indicated by the triangle F G H. 


ow the critical range, given the necessary time, the cementite of 


pearlite spheroidizes and then graphitizes. Finally, after complete 


raphitizing, the casting will contain AD per cent of temper carbon, 
which AB was formed by long annealing at 900 degrees Cent. 
0 degrees Fahr.), BC per cent by slow cooling from that tem 
rature to the critical temperature and CD through the graphitizing, 
w the range, of the cementite present in pearlite. These distances 
merely indicative of the mechanism of the dissociation of cement 
uring the various stages of the operations and are not to be taken 


1 


presenting actual percentages. 
















MATRIX 





F ERRITIC 





Complete graphitizing resulting in a ferritic matrix is 
obtained by long annealing above the critical range followed 
slow cooling through and below that range, which may incl 


maintenance of a constant temperature below the range f 


I.5.= 59,200 165./59.in. 
Fl. = 19.1% 








+ GF 


siderable time. This has been depicted in Fig. 3. The time of a1 
ing above the range may vary between 4 and 36 hours, bein 


shorter the higher the temperature. Relatively low temperatures 












that is, not exceeding 950 degrees Cent. (1740 degrees Faht 
generally used. 

In this and following diagrams, RT stands for room tempet 
CR for critical range, Cm for cementite, A for austenite, G 
graphite formed about the range, G’ for graphite formed below th 
range, Sp P for spheroidized pearlite and F for ferrite. The cement 
Ite present in pearlite must necessarily spheroidize before it grap! 
tizes. In Fig. 3, it is intended to indicate that it requires abou! 
hours to spheroidize the pearlite and 9 hours more to graphit! 


The malleable casting obtained in this way had a tensile stret 






of about 55,000 pounds and an elongation in two inches of !* 


MALLEABLE CASTINGS 


\lalleable iron with a ferritic matrix may also be obtained 
hing from the annealing temperature followed by reheating 
650 degrees Cent. ( 1200 degrees ahr. Be thereby sph roidiz 

| eraphitizing the sorbite tormed at that temperature (Fig. 4) 


nsile strength was 59,200 pounds per square inch and_ the 


. 


5 710-75 Days 
4 7 G+F 
U/7 CL/?? 


92? G <a 


+ 
F 





7.S.= 59,250 1bs./8@.in. 
Fl. = 25.2% 


vation 19.1 per cent in two inches. ‘These physical properties are 
rior to those possessed by ordinary malleable castings. ‘There 
indication that the graphite G’ tormed below the range 1s 


ent in smaller particles. See Figs. 3 and 4 tor comparison 
COMPLETE GRAPHITIZING BELOW THE CRITICAL RANGI 


should be possible to cause the complete graphitizing o| 
entite slightly below the critical range, although most likely the 
ration would require a very long time. This was attempted and 
nplished as shown in Fig. 5. The temperature was 650 degrees 
(1200 degrees Fahr.), the time required between 10 and 15 


the resulting tensile strength 59,250 pounds per square inch 


the elongation 25.2 per cent. It will be noted that the ductility 
ibstantially greater than that of malleable castings obtained in 


rose 


ual way. This may be accounted for by the difference in the 
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Annealed 30 Hours at 870 Degrees Cent.. 
) Hours Slow Cool to 770 Degrees Cent., 675 Degrees Cent. tor 
00 Degrees Cent 150 


Annealed 14 Days at 650 Degrees Cent <« 150 
1500 


1500 


42 Hours at 890 Degrees 
36 Hours, 18 H 


kig 
Fig. 8-—Annealed 3 Days at 700 Degrees Cent. 
Fig. 9—Annealed 4 Days at 700 Degrees Cent. 





MALLEABLE CASTINGS 


d size of the graphite particles, as brought out in Figs 
Che temper carbon 1n the ordinary malleable castings ( lig 
rs in irregular particles, while when produced below the rang: 


it assumes a more rounded form. Again the ferrite grains 


the usual annealing treatment are much larger than thos 
It is interesting to note how the graphit 


-s the boundaries of the ferrite in which it is embedded Phe 


ned bélow the range. 


ress of graphitizing below the range may be followed through 


amination of Figs. 8,9, 10 and 11.) It will be noted that after 


days at 650 degrees Cent. (1200. degrees Fahr.) (Fig. &) the 
ite has been completely spheroidized and that graphitizing has 


1 
| 


ted. The sample represented by Fig. 11 was 





etched electro 
PEARLITIC MATRIX 


Malleable castings having pearlitic matrices and consequently 
iter strength may readily be obtained by cooling at a suitabk 
rate after annealing above the critical range (ig. 12). The casting 
uld cool slowly enough through its critical range to permit the 
transformation of austenite into pearlite and quickly enough below 
range to prevent the spheroidizing of the pearlite. The tensile 
strength was 83,500 pounds per square inch, and the elongation 2.24 
cent in 2 inches. It will be noted (Fig. 13) that each particle o! 
mper carbon 1s surrounded by a substantial amount of ferrite. May 
his not be due to the fact that during slow cooling from the annealing 
perature to the critical range some cementite forms which nee 
sarily graphitizes, as 
ler and the ferrite thus set free, remaining in situ: surrounding 
m Why this free ferrite should not be absorbed by the su 


the pre-existing graphite particles serving 


unding austenite 1s not clear, unless indeed the cooling is not 
iciently slow to permit this diffusion. 


SorBITIC MATRIX 


(he production of a sorbitie matrix should likewise be 


a sunple 
ration, 


It suffices after annealing above the critical temperature 
ol the casting through and below its critical range in such a 


as to cause the austenite to be converted into sorbite—neces 


a faster cooling than required for the formation of a pear! 
matrix. This is illustrated in Fig. 14. 


The tensile strength 1s 
116,200 pounds per square inch and the elongation 3.1 per cent 





Annealed 9 Days 650 Degrees Cent ~« 1500 
Annealed 14 Days at 650 Degrees Cent Klectrolytically Etched 
13 Annealed t+ Hlour it 900 Degrees Cent Slowly Cooled 
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7.S.= 85,500 168./89G.1N. 
Fl =224% 
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4-36 Ars. 
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7.S.=116, 200 Ibs./$q.in. 
£/,= 35.1% 
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S+F 


inches. A sorbitie matrix may also be obtamned by quenching 
ting trom the annealime temperature followed by reheating 
w O50 degrees Cent. (1200 degrees bahr.), big. to Phe 


properties are about the same 





Or fHi 
SPHEROIDIZED MATRIX 


Po produce a spherordized matrix the castings after 
above the critical range may he cooled slowly to some Oo 
Cent. (1200 degrees Kahr.) where it should be maintai 


cnough to cause the pearlite to spheroidize, but hot long ey 


7.8. = 114,400 /bs,/sq.in. 
El, = 5.21% 


permit its graphitizing. Or, preterably, it may be quenched 

the annealing temperature, followed by reheating in the spheroid 
range, as shown in Iigs. lo and 17.) Vhe spheroidizing was obt 
after 5 hours at 650 degrees Cent. (1200 degrees Kahr. ) he 
tensile strength now reaches 123,200 pounds per square inch, 

the elongation is 7.12 per cent. The total time for this treatment 
needs not exceed 40 hours. The casting is not so ductile as mall 


iron can be made, but please note its strength. 


SPEED OF GRAPHITIZING AT 650 DEGREES CENTIGRADI 


The graphitizing of Fe,C is accompanied by increased volt 
Chis expansion may be taken as a measure of the graphitizin 
sample of white cast iron of suitable dimensions was_ places 


Chevenard dilatometer, heated to 650 degrees Cent. (1200 di 


ahr.) and maintained at that temperature for 26 days. The } 
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are Shown in Fie. TS. It will be observed that there wa 


<pansion during the first tour days, hence little, if any, o 


lig X Dilatometer Record for 
lleatiny Covel ot % Days at 65! 
Dewres ( ent 


‘| his period probably corresponds to the spheroidizing ol thr 1X 


\ notable dilatation took place during the fifth day and then in 





N 


ide durmg the sixth and seventh day \ gradual decrease 
ume change ts then madieated It seems probable that atter 


thie eraphitizing IS practically complete hese result agree 


ely with mucroscopical CNAMINALLOUS Phe total eX pansion 


ented by the distance AB, which measures about 10.66 inche 
curve 1s magnified JOO times, it corre pone to an actual 


f leneth of about O.O35 iehes and as the specimen was 1.95 





Graphite 


Pep I) 


__ | ** eee 





4 a < d 
Me//e eblizing SE 650%. in Dey: 


hip Io Curve Showing Inerease in 
Brinell Elarcdne During Graphitizing 


long, it follows that its leneth increased 1.8 per cent durime 
lleableizing operation 
the curves of Fig. 19 indicate (1) the daily increases in length; 
he total increase at the end of each day, and (3) the Brinell 
at the end of each day It will be noted that maximum 
was obtained at the end of the tenth day, although the 


lien continued to expand, \fter fourteen days, however, the 
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expansion was very. slight. lt is assumed that the forn 


eraphite is directly proportional to the dilatation. 
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DISCUSSION 

Written Discussion: By H. A. Schwartz, manager of research 
Malleable and Steel Casting Co., Cleveland 

One is somewhat handicapped in the discussion of the paper by Sauy 
\nthony by its apparent abridgment from the original thesis. This has 
no doubt in the omission of any reference to the literature and of mu 
scriptive matter covering the basis of some of the conclusions. For e» 
those who have considerable contact with the difficulties of getting cor 
results in the physica! testing of cast materials are unable to judge whet! 
difference in physical properties reported in Figs. 3 and 5 are actuall 
the difference in heat treatment or whether they represent accidental 
arising out of lack of perfection or lack of uniformity of test specime: 
experienced reader would value greatly turther data and descriptive matter 
which he might base an individual opinion as to whether these differenc 
properties are well established in relation to the heat treatments or repress 


only the results which happened to be obtained 


It may be of interest to the authors to know that carrying out the entir 


annealing cycle below the critical poimt although at a temperature somew! 
higher than 1200 degrees Fahr. was at one time quite common commercial 
tice. Thirty years ago many thousand tons of malleable were produced 
cycles. It may be said that the results were in general quite desirable so tar 
physical properties were concerned and to this extent the rule of thumb 
tice of that time confirms the present author’s conclusions. 

One finds it interesting to note that the authors regard it as necessary) 
the spheroidizing of pearlite must precede its graphitizing. That it treque! 
does so is a matter of common metallographic observation but enlargement! 
the view that it must do so, that 1s, that the lamina cannot graphitize du 
would be greatly appreciated. This viewpoint is new to the commentato! 
an exposition of the reasoning upon which it is founded would no dou! 


appreciated by many 


¢ 
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rm of graphitization curve presented by the authors is quite similar 
emo torm to that frequently recorded by others as. tort example by 
Schutz and Stotz and by the present commentator, On the other hand, 
servers, as, for example, Schneidewind, have considered that at least 
the critical point the curve is logarithmic throughout Phe commentator 
welcomes the confirmation of his own past views Phe sigmoid form 
ve was observed both above and below the critical point \bove. the 
nt the flatness of the curve near the origin cannot be assigned to thre 
dization of pearlitic cementite. The author’ developed a theory account 
onably well for the observed form of the curve by considering migratory 
this investigation is here referred to only as pomting to the fact that a 
f the general form of Fig. 19 can be explained otherwise than by the 
chosen by the present authors. 
} It may be well to pomt out for the benefit ot other readers that there 1s 
derable patent literature on the subject of such alloys as are here suggested 
ing higher strengths than ordinary malleabl These patents have been 
d most extensively to Anson Hayes and his co-workers and in lesser num 
Carl F. Lauenstein and to the writer and his associates 
S the mechanism by which the well known bull's eve structure of Mig. 141 
dis a field meriting further attention of interested metallographers 
Written Discussion: By N. A. Ziegler, Power Use Research Department, 
West Penn Electric Co., Pittsburgh. 


' t, It is indeed gratifvine to know that such an eminent scientist as Dr Sauveur 
1 work on cast iron. | beheve that | would be justified in saying that ihe 
y inism of thermal phenomena occurring in plain carbon steels 1s quite clear 
. is, but we are by no means in a position to state the same about cast irons, 
ane 4 r the simple reason that while the former for most practical purposes are 


1] 


loys of tron and carbon, the latter cannot be considered as such 
When manganese, silicon and sulphur are present in the amounts as high as 
e given by Dr. Sauveur and Mr. Anthony, equilibrium conditions become 


complicated: all points in the binary tron-carbon diagram become lines, and 








er 
wee an nes, surtaces Vhe chemical compositions of the eutectic and eutectotd are 
present changed 
lo the best of my knowledge. a constitutional diagram for tron-carbon al 
- ntaining silicon, manganese and sulphur in the amounts usually present in 
mew] inary cast irons, at present is unknown, and therefore the binary diagram 
il pra to be used as the nearest approximation. Piwowarsky did perhaps more 
it anybody else in solving this problem, but even his results are not conclusive 
The object of these remarks is merely to emphasize the lack of knowledges 
b prac 3 i the metallography of cast iron and the extreme value of any work aimed tot 
luminating this problem, particularly when it is carried out and presented as 
rv that ly as that by Dr. Sauveur and Mr. Anthony. 
quent! 2 Written Discussion: By W. J. Diederichs, metallurgist, The Autocar Co., 
a : \rdmore, Pa 
1; The paper by Dr. Sauveur and Mr. Anthony was otf great interest to us, 
& rticularly the clear and concise method of presenting the results. It has per 
ie 


iH \. Schwartz, “Graphitization at Constant Temperature PRANSA‘ TIO? Americas 
tor Steel Treating, Vol. 10, 1926, pp 
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deal ot 


[ill 


mtormation 





ina 


very short 


short that the long hours and careful procedure required to obtain 


apt to be 


During the 


forgotten 


ast ten years, 


r more, there has been considerabl 


concerning the possibility of making short-time malleable, and that int 


products of exceptional physical characteristics were theoretically px 


recognized 


clearest possible manner 


L hose possibilities have been demonstrated by the auth 


\s the authors state, there seems, howeve1 


been little desire until recently on the part of manutacturers to modii 


trices of the castings to obtain such properties. 


We have been interested in the mechanism of graphitization over 


many Vyea&rs 
concerting 


of detagl 


to find that 


from that ot 


and have accepted a 


oul 
th 


authors 


theory 


It does not comeide in the 


to explam the mechanism 


understanding of the mechanism differs in 


View 


in the abstract of the paper that carbon im austenite must be thrown 


ution m the 


under certain conditions this can and does happen 


form of pearlite 


(or 


Cal back 


Neithe 


) before it can be graphiti 


4 ¥ does it col 


the view, therefore, that the spheroidizing of pearlite is a necessary ste; 


ing the graphitizing, 


formed 


1S 


once 


matrix On page 


115 and particularly the 


though doubtless this precedes its graphitization i 


Further, with reference to the authors’ discussion of 


lormation 


ol «l 


lerrite 


ring are 


graphite nodule, the theory we have accepted indicates that the presen 


ring was not caused by prior cementite formation. 


lo repeat, 


on a matter ot theory. 


it 


is disce meerting 


to find oneselt 


at 


variance with 


Lr 


accepted in order that we may derive the benefit of a discussion of it at 


roves tl-founded, change out 
| 


views accordingly. 


It is quite generally accepted that throughout the temperature rai 


ployed in these experiments cementite is metastable ; 
the 


iron-carbon 


ticularly true when silicon approximates one per cent 


and 


metastable 


system is 


iron-iron 


that 


as 


carbide 


ill 


the stable 
this 


malleable « 


and 


In such related systems, the critical temperatures of the stable system Ii 


than those of the metastable system and the solubility 


uent 1s 


yreatet 


saturation limit in gamma iron of carbon derived from carbide is greater 


the saturation limit of carbon derived from carbon. The carbide saturati 
lies to the right of the carbon saturation line in the constitutional dia 
Reference is made to Page 320 of The National Metals Handbook, 1933 « 


than that of the stable constituent. 


l‘or purposes of discussion and enlarged section neighboring the eutectoid 


of the figure there shown 1s given 


Upon heating a white iron above the critical range, 


to austenite in which is dispersed much massive carbide. 


nealing 


austenite 


1s 


the immediate neighborhood of the carbide particles. 


(sraphitization, 





temperature, 


saturated 


as 


this 


with 


we see 


it, 


carbide 


carbon 


always 


goes 


Ml 


Starts at 


solution 


inl 


from carbide, attaining 


surtace 


the 


\t this stage, 1 
saturated in respect to carbon from carbon and as a result carbon is dep: 


the 


Upon soaking 
austenite 


Saturation 


is 


ray 


ull 


tit 


l 





We beg leave, theretore, to present the theory we 


of the metasable c 


In the present imstan 


the pearlite 1s con) 


carbide part 


ISCUSSION MALLEABLE CASTINGS \> 


sypersaturation is first attamed here Phe solution of carbide and. the 
ot graphite continues until all free carbide has disappeared and then 
of graphite continues until the equilibrium concentration of carbon 

ibon for the temperature 1s attained At this stage we have austenite 

irrbon in solution to a greater concentration probably than either the 
metastable eutectoid concentrations and im this austenite are dispersed 

of graphite 

wy slow cooling to the critical range, two things may happen: (1) 1 


is sufficiently slow to substantially maimtam equilibrium along the 


leo #f > . a 
Metastable Futectord - 


life Fe, #3 
Ferrite + Graphite [Steb/le/ 
Ferrite + Pearlite (Metastable) 





a 


Cerbon 


saturation line then the austenite is kept only slightly supersaturated 
additional graphite will deposit on the nodules already vresent (seeding 


n), and no carbide will be formed. Eventually, the residual austenite will 


tin the concentration of the stable iron-carbon eutectoid. (2) Hf the cool 


is somewhat too fast, the austenite may be undercooled to below the cat 


aturation line and then carbide will be deposited; we believe always 
the form of grain boundary cementite. The action is entirely analogous 
e cooling of a hypereutectoid steel. If the cooling at this rate 1s continued 


helow the critical range, the austenite composition will follow down the 


| 


ide saturation line by deposition of grain boundary carbide until the 
tastable eutectoid is reached at which time the remaining austenite converts 


pearlite. If the material is quenched from annealing temperatures, a mat 


if 


e, troostite or sorbite hardening structure will be formed from the supersat 


ted austenite and grain boundary carbides may not be evident This is agam 


logous to the results obtained on a hypereutectoid steel 


pon cooling through the critical range, two things may again happen 
lf the cooling from annealing temperature has been slow enough to per 
austenite carbon concentration to maintain substantial equilbrium along 


irbon saturation line, the austenite at a, stable temperature, or slightly be 
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low, will transtorm to ferrite and graphite; iron-carbon eutecto; 
will result This action is, however, very slow and at this stage 
must be very slow, or there must be a hold ot temperature until sufi 
has been abstracted Sutherently slow cooling here will complete 1 
itization without prior formation of carbide or pearlite. (2) If th 
has been brought to or near the concentration of the stable eutect 
lined, it is hypoeutectoid with respect to the metastable eutect 
pom) It is now located also on the territe saturation line 

li the cooling trom this last deseribed condition is too rapid to 
formation of iron-carbon eutectoid structure, then the remaining au 
exactly like the austenite of a hypoeutectoid steel; it deposits ferrite 
ferrite saturation line, enriching itself m= carbon, util the concent 
the metastable eutectoid or pearlite pomt is) reached, whereupon 
deposited. It is to be noted, however, that an appreciable deposition 
has occurred betore the pearlite was tormed. There is one distinetior 
the action of the deposited ferrite in this austenite and that of hypo: 
steel In the steel, the areas ot greatest instability appear to be at 
boundaries and proeutectoid (metastable) ferrite deposits there I} 
tenite, the greatest instability appears to be at the areas surrounding the 
nodules and the proeutectoid (metastable) ferrite deposits around th 
This is possibly caused by the seeding action of the graphite nodules 
at which this ferrite ring forms ts not surprising tor ferrite deposition 
tenite enrichment during the cooling of hypoeutectoid steels is quite ray 

Phis is our understanding of the formation of the ferrite ring around 
ite nodules (the bull’s eve structure) and we believe it can be formed 
such cases where the cooling procedure down to the critical range has b 
as to reduce the carbon concentration of the residual austenite to less tl 


of the metastable eutectoid. In the light of this theory we believe that t] 


ence of the territe ring indicates that no carbide was present as such bet 


formation of pearlite at the metastable eutectord 


It might be well to note further that any cooling which 1s starte 


rapil a rate at any time betore the concentration of carbon in the residu 
tenite has been reduced to below metastable eutectoid concentration will 
in elimination of the ferrite ring and the structure will consist of nodu 
graphite in a matrix of pearlite with, possibly, grain boundary cement! 
the matrix will consist of one of several hardening structures, depending 
the particular cooling rate employed. This has been clearly demonstrat 


the authors \s the authors have shown further, these matrix structure 


be treated in various ways to develop various phy sical properties 


he observation of the authors that spheroidizing a sorbite matrix 1 


both strength and elongation is difficult to understand An increase ol 


vation would, it seems to us, be expected, but it is difficult to understa 


strength increase We are led to ask whether the two samples of Figs 


16 are from the same heat of white iron and from the same batch ot a1 


and quenched samples. The photomicrograph of Fig. 15 shows a ports 


graphite nodule which appears more irregular in shape than the nodul 


lo, as though the annealing temperature had been considerably higher 


il 





ae 

















Vi 
the two samples ditfered somewhat and i the nodules ot the sample 
are actually of poorer torm or m greater amount than those ot sample 
might explain the strength results noted 
jew of what has been said, the figures presented by the author would be 
siderably more interest to us it the data as to particular annealing tem 
ture and time, cooling rate to the critical range and cooling rate through 
e had been given for each figure. We would be gratetul to the author 
‘tois still available, if they would include such data im their closure 
Written Discussion: By Richard Schneidewind, Department of Eneimeect 
earch, University of Michigan, Ann Arbor, Michigan 


IX ¢ 


authors have presented the results of a great deal of caretul work which 
I be of considerable value to the malleable iron industry since heat treated 
ible iron is becoming imereasingly important Some of the theoretical 


however, are not apparently m accord with the results of work done at 
niversity of Michigan and it was telt that discussion nught reconcile the 
neces, On pave 412, the statement is made that “the cementite present im 
ite must necessarily spheroidize before it graphitizes. In bag. 3 it is mtended 
dicate that it requires 15 hours to spheroidize the pearhlte and nine hour 
graphitize it.” In our work we tound that m= second-stage annealing 
itrix was usually spheroidized, but not alway Occasional specimen 
ined lamellar almost to complete graphitization. In following the course 
the graphitization reaction by chemical analyses rather than by dilatometru 
ds we never encountered the lag corresponding to the 15-hour spheroid 
time but found that egraphitization started momediately and that the re 
followed the same laws as do any other supersaturated solutions 
On page 418, the authors note a similar lag in a specimen annealed entirely 
0 degrees Cent. (1200 degrees Kahr.) in 26 days. Their results are im a 


d with those of Kikuta who likewise employed the dilatometet 


Phe statement is made on page 421, “it is assumed that the formation of 
, phite is directly proportional to the dilatation.” The formation of graphite 
the formation of definite quantities or weights of graphite. Tl we a: 


e a constant density for graphite, an imerease in quantity will mean an 


1s ivalent increase m= volume But dilatation is the measurement of changes im 
near dimensions and if the quantity or volume of graphite is increased Ko time 
iz up linear dimensions will increase but WK. times 
ted } It would be interesting if the authors could parallel the graphite curve im 
; | 19 by one obtained through chemical analysis There might be a lag he 
. the formation of graphite and its dilatometric efttect Phe possibility 4 
engthened by appreciating that at the temperatures of annealing the metal 1 
r the plastic rather than in the elastic state. In the plastic state there 1s a 
; siderable lag between the time of application of load and the time at which 
: tal detormation results therefrom It would be logical to belheve, ther 
sit re, that the metal does not immediately expand due to the deposition of temper 


rbon. That the formation of graphite at constant temperature is) accom 
lied by stress in the surrounding ferrite grains is indicated metallograph 
by the strain lines in these grains and indirectly by the fact that abnormal 


growth is frequently encountered if annealing ts prolonged 
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Authors’ Closure—By H. L. Anthony 


In reply to Dr. Schwartz's discussion pertaining to 


concordant 


physical data obtained trom malleable produced at 650 degrees Cent 


determined the physical properties olf some 60 tensile test bars and 


incides very closely to that which is meluded im this paper Phe diff 


microstructure may be seen more clearly in bigs. 6 and 7 rather thay 


3 and .) 


Phe only mention im literature to low temperature malleable that 


been able to find has been written by Dr. Schwartz as mentioned in 


cussion, but the contents of bis paper lacked physical properties, phi 


graphs, and a description of the mechanism im the structure change dur 


vyraphitization of the white cast iron im the as-cast condition Phe sub 
prequenching trom above the critical range betore graphitizing at O50 


Cent. involves still another mechanism otf graphitization which has ny 


mentioned m our paper because at the time of publeation sufhcient data 


been collected 

Phe discussion which Mr. Ziegler offers coneerning the complexity 
librium conditions mo oiron-carbon alloys contaming manganese, sulphur 
icon has been appreciated 

Mr. W. J. Diederichs’ discussion presents the mechanism of graphit 
in the light of the double diagram, particularly m relation to the graphit 
on cooling which imeludes the resulting structure formed in respect to tl 
table Ciron-carbon eutectoid) and the Ar, metastable (iron-cementite 

In spite of the comments tavoring the formation of the iron-carbor 


toid, | am not sure that 0.97 per cent silicon content by slow cooling 


vrees per hour) can possibly eyect completely the carbon or Fes contan 


the austenite That at temperatures shghtly above Ary stable, carbon 


should have a certam solubility im the remaimimng austenite even at the 


tioned rate of cooling. It a completely malleableized specimen is heated 
lv above the A, stable for a short time there is a solubility tor carbon 

hould not there be a solubility for carbon im austenite on slow cool 
there is such a carbon solubility there 1s no reason why the cementite eut 


is not formed at the transtormation point 

| believe that possibly a certain amount of carbon precipitation can 
place from. the pearlite below the Ars, but the more tavorable state being 
the spheroidized condition 

(fF course it is known that sitheon decreases the solubility of carbon 
tenite and shifts the eutectoid point to the left, but whether the presence ot 
than 1.00 per cent of siheon through suitable cooling rates can form a | 


utectoid matrix from above the Ar, point is a matter of discussion, Thu 






presence of ferrite rings adjacent to the graphite has been difficult to expla 


lf quenching a series of specimens from points just above the Ari p: 
tnartensite results, we cannot say that ferrite has been liberated at the gra 
interface during this slow or rather rapid cooling. On the other hand 
ferrite rim may be formed at the point of transformation. This can be exp! 
more clearly if the annealing specimen is cooled to the Ar, and then quer 


in a molten bath of aluminum at 675 degrees Cent. followed by water quet 
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irlite extends momost cases to the graphite imtertace and the ferrite 


not appear 
decided CANPall 


tudving evraphitization by 


through the Ary, 


means ot the dilatometer a 


mdicating that a decompo ition ot thy 


Onl Cor ling 
sibly take place 

tate definitely the difference im 
1S and lo, but were im 


ut 


the annealing temperature 


may pos 


the range of 900-900) de 
are different, bay 


in the character 


Ww unable to 


pecimen used rm bap 


Phe magnitications 
lo at 2000 diameters 


( ent of these two photograph 
Phe differences 


it ROO and bug 
a complete nodule 


raphite 1s due to the tact that 
photographed when only 
is meluded im. ip 


at high maynitieation 


prmiting area was 


a limited 
lo Lhe rate 


iphite could not bye 
ot the nodule wi 


set at approximately TS degres per 


portion 
malleabilization was 


so) only al 


ible 
ling for complet 


( ent 
thre tate 


870 to 6075 degrees 
pecially comcerniny 


from 
revard to the Schneidewind discussion ¢ 
Mist nece sarily pola rows ec he hore il 


present im pearlite 
marked 


that at the Ar, tr: 
mitheatme thre 


he cementite 

l might agam 
the dilatometri 
ecutectord, but 


Wistormattom a 


mention 
oy} 


CUrVeS hormation 


1 recorded onl 
immediately trom the cementite atter the transtormation 
Hlation curve approaches the horizontal for some T2-15 hours, atter which 
itis posstble that some of the cementite of 
' 


lLlowever, 
but surely, the 


WOM MMTeCASES 
the mo 


lamella «| C4 hip? ( 


pheromdized torm 4 


Spill 
hand, at as much 


Qn the other 
Ooo) deore 


rlite 
Stave reaction 


takes place at 
spheroidized condition betor 


the second 
es Cent, thr 


thle to complete 


vraphitization 
graph 


that when 


etinite 
pearlite must be 


ntite of the wn the 


at oo 


can take place 
Wn rat 


hiv. TR owas only employed to 
to determime whether 


rom this ito owa 


which was 


ram 
study the reacts 


Curry 
by that | mean it was used the decompo 
cementite was the same on each succeeding day 


first three day 
TIC TOSCO 


thre 
the reaction was slow a starting 
howed that during 


Lt thy specimen 


il thre 
which 


exNamibhation 


ly verihed by 
«>I pherordizing 


od the pearlite was m the proce 


martensitie matron a pearlity 


with a tead ot 
ave le 


rapid, reducing the low 


halt otf the tun 


“oO that we start 
temperature 


required to graph 


CPUIe nn hye (| 


the reaction is much more 


Cent., to approximately one 


) devrec ‘ 


the pearlitic matrix 


thre 


Reply to the Discussion by Dr. Albert Sauveur 
mtentional that 


remarks, it was quite 


to Dt Schwartz 
dealing with the 


at anv length to the Iterature 


them conelusions 


revarad 
abstain trom referring 
stivating, as they preferred to have tand 


obtamed by 


that at one 


ct thev are nve 


the result: them 
a common commercial 


ted upon 
il pont hi 


lt is noted with interest 


time Wm was quite 


annealing cycle below the = eritic: 


that tact 


to carry the entire 


iwhnorance of 
arily preceding its graph 


the sraphitizing ot 


contess thei 
regard to the spheroidizing of pearlit 
obvious In 
slightly below 


Hnece 


t 


out Cop TTL, 


the thermal critical range, 


that seems to us quite 


lite calls tor a long annealing 
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which is also a spherotdizing treatment It is not seen how. the 
stage could be kipped 

We beheve that our explanation of our curve, shown in Fig 
than the explanation to which Dr. Schwartz reters, while it is 
acceptable Hlence it 1s pr terable 

Our attention is called to the patent literature on the subject us 
gation. Perhaps it would be wise to make a search of the patent 
fore undertaking any research he task, however, might well prov 

We fully agree with the views otf Mr. Ziegler regarding our lac] 
edge of the equilibrium conditions of so complex an alloy as is repr 


an association of tron, carbon, silicon and sulphur He will note tl 


not venture mto that treld 


he very able and clear discussion of Mr. Diederichs ts mueh ay 


His entire argument must stand or fall on the possibility of graphit 
directly from austenite without passing through the intermediate stag 
We admit that graphite ts the stable form, but it does not follow t] 
formed directly. We admit the reasonableness ot the double diagram 
does not prove its accuracy. We believe that evidences are still lackin 
to the separation of carbon atoms trom the space lattice of gamm 


order to form particles of graphite. 





‘RAPHICAL METHOD OF CALCULATING HEAT LOSS 
THROUGH FURNACE WALLS 


By CLARENCE KE. WrEINLAND 


I] hen a Wd railae Of temperatures ts 


( ( 


' j 
j 


iiculty is encountered im accurately represent 
rormal conductivity of any aatertal, the 
mductizity functton of which ts not a strarghi 
Y This dificulty can be obviated by use of 
mductivity function as defined herem 
Phe use of the “true” conductivity function conters 
he additional advantage that it makes posstble a graphical 
thod for the calculation of heat transmisston through 
npound structures, under conditions of equiltbruan heat 
Phough this ws still a trial and error method, tt ty 
more convenient and direct than any method her 
fore proposed for handling this type of problem Phi 
is tlustrated by the solution of a typical probl 


(] fc) 
/ 


INTRODL CTION 


order to calculate the heat transter through any structure undet 
teady temperature conditions, the first requisite is a knowledge 
the thermal conductivity, or heat transmitting ability ot unit vol 
of each of the materials of which the structure is composed 
hen wide ranges of temperature are to be considered, as they 


vitably must be in the design of metallurgical furnaces, all ot thi 


terials used in furnace construction are found to change markedly 


thermal conductivity, when each is taken through its normal range 
perating temperatures, 
he question of how best to represent the thermal conductiv 
of the materials of furnace construction, and how to use them 
calculation, has appeared from time to time in engineering litera 


MeMiullan'! discussed the subject and concluded that the aver 


it MeMillan, ‘“‘Heat lranstetr Through Insulation 1 thre Modera 
ture Fields,”’ fransactions American Soctet) o ( il bes ree 


‘ 


\ paper presented betore the Sixteenth Annual Convention otf the Soctrety 
New York City October 1 to 5, 1934 Phe author, Clarence lk. Wein 


physicist for Johns-Manville, Manville, New Jerse Manuscript 
ed July 24, 1934 
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ave conductivity of a material between two temperatur 
be expressed as a function of the mean temperature. Th 
of expressing conductivity is satisfactory when the cor 
temperature function for a material is a straight liner 
has but little curvature; otherwise its accuracy 1s open to 
his difficulty is intensified when large temperature ditfer 
encountered. ‘To go into a mathematical analysis here of 
nitude of the errors introduced by the use of the mean-ten 
average-conductivity function would be beside the poimt ai 
require too much space. 
In addition to the difficulties encountered in accurate), 

the conductivity of any material, there has generally been 

s difficulty involved in the use of thermal conductivity 
the calculation of heat losses through walls consisting of sever: 
of ditferent kinds of material, through which the heat mu 
successively. Such a problem usually is a matter of predict 
behavior of a design under consideration, and the available dat 
always included the interior furnace temperature, which 
assumed equal to the temperature of the inner face of the furna 
wall throughout this discussion, the outer ambient air temyx 
and the thickness and mean-temperature conductivity relatior 
each of the materials of which the wall is to be constructed. Wit 
data at hand regarding the temperatures at the interfaces bet 
materials in the design, it is not possible to obtain directly th 
temperature of any of the component materials, and, consequ 
the correct value of conductivity to be assigned to each mater 
unknown, even though the conductivity-temperature data are at hat 
the most satisfactory method of attacking the problem has pro! 
heen the method of successive approximations, starting with 


assumptions as to interface temperatures and conductivities 


refining the assumed values for each new calculation until a 
set of data has been obtained which is consistent with the conditiot 
of the problem. This method is tedious, and requires familiari 
for satisfactory use. Trinks has given an example of this typ 
calculation.” 


‘THe BASIS FOR THE PRESENT METHOD 








In order to make a new approach to the problem, it 1s nec 





to go back to the fundamental mathematical equation for steady stat 
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I, 2nd Edition 1926, page 6/, lohn \ 
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nec 


eady stat 










set up by Fourier im 1822.) ‘This may be given the form 







dq = k dt (1) 


dq) 1s the amount of heat which will flow through a unit 





any material when the temperature difference between i 








cold faces is (dt) and its thermal conductivity is (Ck ) I 
ent that if the temperature difference between opposite face 
cube is taken small enough, the variation of thermal conducti 

with temperature within the cube becomes negligible, even 
rposes of rigorous analysis and the conductivity of the material 

the temperature of the cube (t) becomes a detinite unam 


us quantity. Tf now the temperature (t) of the cube 1s allowed 








ry, it is possible to state the thermal conductivity as a function 
ch different temperature value throughout the useful working 
ff the material. This concept of thermal conductivity wall 
ferred to as the “true” thermal conductivity (k) hereafter, to 
uish it from the average conductivity taken over a wide tem 
1 


ure interval. Recent developments® * in the practice of thermal 











tivity measurement are making it possible for us to obtam 
ely good approximations to the true conductivity functions for 
ious materials of furnace construction, by testing them under 
temperature differences or by suitable mathematical treatment 

t results obtained. 

\ method for graphically calculating the heat loss through a 
nace wall consisting of a refractory and an insulating material 
heen given by Trinks.”. This method, however, has the distinet 

vantage that a set of curves such as those used are not ap 
ible to more than a limited range of conditions; the method of 
ructing the curves involves the use of mean thermal conduetivi 


vith all their inherent uncertainties; and the practice of the 





dis a more or less tedious process ol adjusting the relative 


4 ons of three curves, one of which must be drawn on a trans 






sheet. 


Che use of the true conductivity function in the calculation of 
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INS OF THI i. Ss. 


heat losses was indicated in a linuted way by Lanemu 
Kandolph hey applied their method to the calculati 
losses in one case through a gas film around a heated fila 
in the other case through a single layer of thermal insu 
rounding an clectric stove heating element. Apparently 1 
no attempt to apply their calculating method to heat flow 
two or more materials in series. 

he graphical method of calculation to be deseribed her 
its fundamentals from the method of Langmuir and Ran: 
is based upon the true conductivity functions for th 
of construction. lquation (1) refers to the heat flow throu 
cube of any material with an exceedingly small temperature 
between its hotter and cooler faces. For any section, und 


temperature conditions, the heat flow will be given by 


where (dq), (kk) and (dt) are rate of heat tlow, true ther 
ductivity and the differential of temperature as before, 
and (1.) are the area of the section and length of path of heat 
respectively Vhroughout this discussion it) will be assun 
a section of furnace wall one square foot in area is being cor 
and that all isothermal surfaces are parallel planes, so that the 
of path of heat flow (1.) 1s equal to the thickness of the 

in meches. In the special case of radial heat flow in a cylindri 
tion of material, the factor (1l.) may be taken as the log 


mean thickness 


where (r.) is the outer and (r,) the inner radius of th 
and (r.) is the radius of the outermost surface of the construct 


which then enables the determination of the heat flow throug! 


a section, per unit area of outermost surface. This quantit 





in place ot (1.) m anv ealeulation mvolving the chart 
ribed subsequently. 

order to determine the heat flow tor a section of material 
area, between any given temperatures on the hot and cold 


equation (2) must be mteegrated 


iv be separated imto two simple mtegral 


available a stumple means of determining values of the 


value of temperature (t), it then becomes a simple matte 


(| 
termine heat flow per unit area, ~ for any thickness ot 


\ 


ial (1.), by jlooking up values of the integral corresponding 
ot and to cold face temperatures of the material, subtracting 
from the other and dividing the result by the thickness (1) 
Langmuir’ and Randolph’ drew curves connecting values ot 
integral equation (6) and temperature (t), but it has been found 
more convement for the purposes of this work to plot. the 
on im the form of a funetion seale.® An example of such 


de may be seen in Fig. (1b), which represents the funetion 


commercial insulating material. “Vhe true conductivity (k), 
temperature function of this material as measured in thermal 


ictivity testing equipment working with temperature differences 


M) to 150 degrees Fahr. across the test specimen is shown im 


Seward "The Desien of Diagram ! 
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hie. (la). The integration of this curve may be conver 
ried out by assuming it to be divided into sections co 
degrees Fahr. each, and by assuming further that the ay 


ductivity of each such section 1s adequately represented | 
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Fig. 1A True Thermal Conductivity-Temperature Relation, for a Comme: 

Material 

Fie. IB Function Seale for the Insulating Material, the Conductivity 
own om Figo. TA 


Fig. 1¢ Function Scale for the Surface Coefhcient 










conductivity taken at the 50-degree point in the section. Each co 
ductivity value is then multiplied by the temperature interva 
which it represents, that is by 100 degrees Fahr., giving a series | 


values of (k dt). Then starting with that interval the lower 


HROUGH FURNACE Hi 


iid 
ot which is 0 degrees, a series of Sums ot (k dt ) value > 2 
ach sum including one more interval than the last, and each 
(k dt) between O degrees and the tem 


( 


cluding all values of 
re value, (t°), which forms the upper limit of the last interval 


ed im that sum. sums, with the related values 


) constitutes the function represented im equation (7 ) lo 
to draw ai line. 


This series of 


the function seale, it 1s then necessary only 
ql 

mate it on one side with a unttorm seale of values of 

\ 


the other side to locate the values of the (k dt) sums just 


red, labelling each such point with the temperature value of the 
er limit of its range. Suitable temperature sub-divisions may 
he inserted and the function scale is complete 
heat tlow through unit 


lo use such 


function seale for the calculation of the 
and thickness of the material it represents, it is only necessary 


wate the temperatures of hot and cold faces on the temperature 
ql 
rt the scale, read otf the corresponding or heat tlow 


\ 


subtract the less from the greater and the difference wall be 
to the desired heat tlow value. kor thicknesses of material 


than unity, multiply the heat flow value by the recip 


1 les ‘ 


i>] the thickness 


bue Use or FUNCTION SCALES IN COMBINATION 


lhe use of funetion scales in combination will be illustrated 
by calculation of a simple problem involving an insulating mate 
the scale tor which is shown in Fig. 1B and the scale for th 


lace loss coefficient, hig. 1C. Phe latter has been made up from 


we data for the loss from a large vertical plane surface of high 


sivity, the ambient air temperature being 80 degrees Fahr., and 


heat loss values being the total loss by rachation and conduetion 


vection, 

lor simplicity it will the 
ation 1s one inch, that the 
is OOO degrees Fahr. and that the air temperature is 80 degrees 


the thickness ot 


be assumed. that 
the imsula 


inner temperature of 


Since the amount of heat which passes through one square 
4 the imsulation in unit time must be exactly equal to the 
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unount lost from one square foot of the outer surface, t] 
solution of the problem wall consist of a length of the sea 
insulating material extending from the LOOO-degree Fahy 
tion down to some lower temperature pomt, (x°), which 
temperature of the outer surface of the imsulation, and 
length of the surface coefficient scale extending from the r 
perature, SO degrees Kahr., up to the same surface tem 
(x*) Chis length can be quickly obtained by setting a pair 
ers to some estimated length and applying it first to on 
then to the other, and if the above condition 1s not fulfilled 
it and applying it again until the proper setting is found 
“ase the surface temperature will be found to be 270 devres 
the distance on the insulation scale between LOOO degrees | 
270 degrees Fahr. being the same as that on the surface cox 
scale between 270 degrees Kahr. and SO degrees Fahr., arn 
the same as the distance on cither scale between the O and ¢{ 1X) 
teu per hour eraduations The correct solution of thi })1 
has then been obtained, and 1s a heat loss of 490 B.t.u. per he Del 
square foot, and a surface temperature of 270 degrees Fahi 
This is evidently a trial and error method, but imstea 
quiring a more or less lengthy calculation to verity each « 
a quickly made divider setting suffices. 


Two scales are shown in Fig. 1, but in order to make up a ¢ 


which will be applicable to a wide range of furnace wall cal 
tions it becomes necessary to add seales for other materials fr 
quently used in furnace construction. Such a chart 1s_ sho 
hig. 2. In making up this chart, however, several simplifying fea 


tures become desirable 
In the first place, it is not necessary to graduate each scale wit 
the uniform heat loss divisions, for they can be imeluded on 
all on a separate scale as seen in the lowest line of Fig. 2. Wh 
the correct divider setting has been obtained the dividers ma 
applied to this heat loss scale and the final value of heat loss re 
Secondly, when a number of scales for materials of widel) 
ferent conductivity are brought together, they are found to hav 
very different lengths, ‘To overcome this difficulty each scale 
panded or contracted by a suitable “scale factor,” so that it apy 
mately fills the available space. In order to still make uss 
single separate heat loss scale it then becomes necessary to 


s.t.u./Hr./Sq.kt. readings from any one seale by the scale 
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in order to tind the true heat tlow, o1 conversely if a know 
value is to be applied to the seale to tind temperatures, it 
multiplied by the scale factor, and the divider setting mu 
for the product of heat loss value and seale tactor, on the 
scale before applying the dividers to the funetion seal 
material 

Phe third simpliying teature permits one to use an 
the function scales to represent any thickness of material 
a viven distance on any ot the scales represents the an 
heat which would flow if the faces of unit thickness of the 
were held at two given temperatures, then for greater thick: 
distance on the heat flow scale must be divided by the pri 
the thickness of the material in inches and the scale facto; 
conversely, if a given amount of heat 1s known to be flowing 
a section of thickness greater than unity, the value of heat fl 
be multiplied by the product of the thickness m iehes and the seal 
factor, and the length along the heat loss seale at the bott 
the chart corresponding to this product may be applied with th 
ers to the funetion seale for the material in order to find the 
cold face temperatures which would prevail. 

he description of these three simplifications may mal 
seem to be only additional involvements, but all three contribu 
cidedly to the simplification of the form of the chart ttse! 
the second and third of them contribute markedly to the a 
of the method, by making it possible to work at all times on 
of maximum length and openness. 
The use of the complete chart, Fig. 2, may now be illus 


by solving a problem involving heat flow through a composite tur 


wall \ssume the wall to consist of 13% inches of fireclay 
|! ) inches Ol (— ZZ Brick, ana 3 inches ot Superex msulatior \ 
sume the temperature of the inner face of the firebrick to be 2400 


degrees Fahr., and that of the outside air to be SO degrees | 
kor each material in the wall, thickness value (1.) and seale tactor 
(Fo) will be constant throughout the problem, so they may be ¢ 


bined into one “working factor” for each material as follow 





Scale Work 
Material Phickness (1) actor (Fs ) actor 
lirebrick eee 0.060 0.8] 
C-22 Brick 4! 0.250 4 
Superex 3 0.700 2.10 


Surface Coethecrent 1 (arbitrary) 0.500 0.50 





















HEAT LOSS THROUGH FURNACE WALLS 141 











aid in forming a first estimate of the heat flow, the median 





val resistivity (1/k) for each material has been imeluded on 





chart These values of resistivity multiphed by the thickness 





ich component will give the approximate resistance of each, and 





um will be the approximate total resistance, as tollows 








Resistance 










Resistivity Phickness Dev. b/ Bote 
\laterial l/k L.. Inches Hr./Sq. Ft 
lirebrick 0.095 13! ipee 
C-22 Brick 0.500 }! 295 
Superex 1.300 3 300 
Surtace Coethecrent 400 | 





otal 







e total resistance divided into the total temperature drop wall give 





t estimate of heat tlow: 













2400 80 2320 
297 B.t.u./Hr./Sa.kt 






\ ) 










order to test this first estimate it is multiphed by each ot the 


king factors in turn, and the dividers, set to each product, are 





pplied to the function scales in turn, giving the temperature valu 





hich would obtain af that amount of heat were actually passing 


rough. or firebrick 297 « O.81 241 and the divider so set 






indicates a temperature drop from 2400 to 2020 degrees ahi lon 





the C-22 brick 297 * 1.125 334 and the dividers indicate @ tem 






erature drop from 2020 to 1400 degrees Kahr. For the Superex 





97 2.10 624 and the dividers indicate a drop trom 1400 to 





[10 degrees Fahr. It 1s then evident that the estimate of heat tlow 





. was too high, for when the divider setting for the surface coetherent 





applied, 297 x O.50 149, with one divider point at 110 degrees 





hahr. on the surtace coefficient scale, the other point falls well below 





he given ambient temperature. 





ln order to assist in refining the estimates of heat loss, an error 





cale has been plotted along the lower side of the surface coefheient 





ale, with its zero coimeident with the 80 degrees Kahr. ambient 





emperature graduation. It has been found empirically that a fan 





proximation to the necessary correction can be made by taking 






temperature difference between the position of the final divides 





nt and the given ambient temperature, halving it, and dividing 
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by the originally estimated overall resistance. The error. s 











referred to has been laid out with uniform divisions each « 
half the temperature divisions of the surface coethicient seal 
1 iwhborhood ot SO degrees lahr.. so the correction to a ti 
of heat tlow wall be equal to the reading of the divider porn 
error scale, divided by the approximate thermal resistance 

In the example under consideration, the tinal divicd 
indicated a position to the left of the 8O degrees ahr. gra 


(ot) the surtace coethicrent scale, comeiding with the (0) degre 







eraduation on the error scale. Vhe correction to the first « 
(4) 

of heat How is then /.7,or about —S B.teu. per hr. per 
7 29 
/ ‘ 


The new estimate of heat flow 1s, therefore, 297-8 or 289 B.t.u 
per sq. Il 

his second estimate may be tried by repeating the for 
process of application of the dividers, with results as imiicat 


the following table: 







blot ( 
Working Surtace sur 
Working leactor > Vemp., I 
Material actor lleat Flow Degrees Fahri Devres 
lirebrick O.8] 234 2400 1) 3 
(-22 Brick 1.125 326 2030 14 
Superex 10 007 1424 
Surtace Coetherent 0.50 144 185 \bout 
















The reading on the error seale is now only 15 degrees | 


and if divided by the resistance, 7.82, gives a correction o| is 





B.t.uls per hour per sq. ft. Since this correction ts less than on 






cent of the estimated heat loss, reasonable accuracy will not be sac 
rificed af the value so corrected 1s taken as the tinal result of the 


calculation lt is desirable, however, that the cold) surface tem 






perature of the Superex be corrected, by applying the dividers agau 
to the surface coetticient scale, with one point at 80 degrees lah 


and spread to 287 *& O.5 I43, giving a temperature value ot! 








208 degrees Kahr. tor the outer surface of the wall. Correct 
to the other temperature values would in this case be negligible Ihe 


final solution of the problem, then, is: 








Hleat 









Loss, 287 B.t.u. per hour per sq. ft 


Femperature, Hot Surface of Firebrick 2400 degrees Faht 
lemperature between Firebrick and C-22 2030 degrees Faht 
Femperature between C-22 and Superex 1424 degrees Faht 
lemperature, Cold Surtace of Superex 208 degrees Fah 
Femperature ot Surroundings 8O degrees Faht 
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Chis solution of the problem may be roughly checked by taking 
thermal conduetivity of each maternal from) the conventional 
nal conductivity-temperature curves, for each mean temperature 
etermined by the solution, and computing the heat flow through 
component ot the wall separately, excepting that the heat tlow 
woh the surface air laver may be taken directly from the surtace 
curve 
Phermal 
Conduc 
tivity, emp 
\lean B.teu./hy Dditt., Heat blow, 
lemp., sq. it degrees Phickness, Botsuw he 
I; bee/an leah mches sq. it 
10.50 370 13! 
2.17 596 4! 
0.705 1210 


ce Coethcrent 128 


he chart shown in Fig, 2 has been made up to represent the 
heat transmission characteristics of seven kinds of material used in 
irnace construction. Natural Sil-Q)-Cel brick has a laminar. strue 
ire and, consequently, has different characteristics depending upon 
hether the direction of heat flow is perpendicular to the laminations 

parallel with the laminations, and so is respected by two tunction 

Che seales for fireclay and sihea brick have been made up trom 
he average thermal conductivity data for each material as given 

lrinks.” Both materials vary widely in thermal properties, de 
ending upon composition and manufacture. ‘Trinks’ averages are 

ihbably the best available at present. 

C-22) Brick is a calcined diatomaceous earth product, while 
uperex is a block material compounded of diatomaceous earth and 
bestos fiber. C-3 concrete is mixed and formed on the job, con 
ting of a calcined diatomaceous earth aggregate with Portland 
ement binder. 

The scale for the surface coefficient has been made up trom 


rage data for the heat loss from a large vertical plane surface 


th high emissivity, and zero wind velocity. Should it be desirable 


take account of wind velocity, it can be done by arbitrarily assign 
thicknesses of less than one inch for the surface coefficient, as 


lows: 








































































































































































Lhe 


ordimary 


cocthicrent 
ct Ss) degrees beaaln 


Variations mW 


Wind Velocity 
Miles per Hout 






hes 


Siuce 


Ss ale 


ambient 





Phicknes 
Inches 
1.000 
0.845 
0.750 
0.088 
0.6040 
0.002 
0.488 

0.425 

0.384 





been drawn tor an ambient tem 


the heat Irom) a 


lk mS 


hurnace wa 


temperature, may be regarce 


funetion of the difference between surtace and ambient temperat 


any other air temperature may be used in calculation by adding 


stant amount to the value of each temperature graduation o 


surtace 


cocthcrent 


scale 


lor example, i the problem calls | 


anbient temperature of 120 degrees Fahr., the 8O degrees lahi 


uation will be re-labelled 120 degrees Kahr... the LOO deeres 


pound 
240 degre cs 


unchanged 


problems im steady 


devel ped 


will be 


leah 


made 140 degrees Fahr., the 200 degrees ahi 


In the foregoing pages a graphical method for the solutios 


ln common 


and so on, and the calculating proces 


State 


will rer 


(ONCLUSION 


heat loss through furnace walls has |y 


with all graphical methods, its accura 


dependent directly upon the size of the chart used, so that the 


curacy of 


the 


known 


data 


may always be matched in 


ACCUTACY 


computation by proper choice of chart size. 


he outstanding advantage of the graphical method is that so 


trons ot 


ACCuUracy 


sufficient 


for engineering use may be obtaimne 


quickly and surely, avoiding lengthy computations so baffling to on 


Corp., 


Written Discussion: 


Kearny, 


not frequently using them. 





see 


By 





DISCUSSION 


’ 
, 





\ustin, Research Laboratory, | 


\ll those who have had occasion to make the tedious calculations my 


in estimating 


cuts provided by this ingenious method devised by 


peal 


the 


lo SotliC, 


loss 


heat 


and especially to those who are 


through a compound wall will welcome the 
Mr. Weinland. It may 
not famihar with such a con 





it LOSS FARCUG PURNACES +4 


that the method as still rather complicated, but i they wall repeat. th 


tion for the sample problem given by Mr. Weitnland, using the 


nerally employed, the advantage of the new method 


method 


will become evident 
of the most imteresting features ot Mr. Weilnland’s 


thermal resistivities to obtain the. first 


paper os the use 


estimate of the heat tlow 


i) resistivity. which is am many cases more easily handled than. its 


conductivity, does not seem to have received the recognition mt cle 


ln the present case tt makes the first approximation a very simple 


ation, and gives a result which would be sutheiently accurate for a vreat 


put purse ‘ 


a few special apphleations, when many calculations myolving a limited 


her of more or less standard thicknesses of material are to be made. the 
shat 


d can be rendered still more convement Vhus, taking Mr. Wernland’ 


t example (scales 1B and 1C) at we draw the seales on strips of cardboard 


invert the surtace loss seale over the other, so that the air temperature 


he former ts directly over the hot face temperature on the latter, the tem 


erature of the cold face will be that at which the two seales comeide Phas 


cedure is illustrated in the following diagram. Hf the scales are set so that 


4) degrees Fahr. on the surface loss seale is above 1LOOO degrees Fahr. on the 
ile for the material, the scales comeide close to 270 degrees lraht (dotted 


diagram) which is the temperature of the cold face ot the msulating 





L c scseiDhinta Reaiatieecsle 
MEAT FLOW 


terial: and the heat flow can be read directly from the 


scale on the upper 
190 Butcu./hr./sq.tt 


This modification of the method requires, of course, a different seale for 


ich thickness of material, but 1f many calculations are to be made the con 


mence justifies the preparation of scales for the few thicknesses which are 


ely to be used in practice. For example, if it 1s desired to estimate the heat 


through an uninsulated open-hearth furnace roof, composed of 12 inches ot 


lica brick, tor different furnace and ambient air temperatures. thi 
les are very useful 
or 
hye 


cardboard 


walls composed of several kinds of brick, movable scales of this sort 


used mstead of the dividers, but again it is necessary to have a separate 


ile tor each thickness so that unless a number of calculations are to be mack 
likely Mr. Weinland’s reduced seales will be found the 
Written Discussion: By R. P. Heuer, 
etractories Co., Philadelphia 
lhe procedure described by Mr. Weinland is a very convenient 


ving the trial-and-error method of calculating the flow of heat 
mposite turnace walls 


more converntent 


Director of Research, Gseneral 


one 101 
through 
His use of function scales simplifies that problem and 


accuracy obtainable is well within the requirements of the problem from an 
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engineering standpomt. In order to make tull use of the method mo: 
data are necessary on the thermal conductivity of various refractory 


\r Weiland has included function seales tor tireclayv and. silica by 


fireclay brick do not have the same thermal conductivity Phe condy 
influenced by the methods of making the brick, the porosity, temper 
burning, ete Fortunately the necessary data are now being assembled 


available to furnace engineers accurate mtormation on the thermal eo: 


of the common refractories such as various fireclay brick, sithea. chro: 











nesite, ct 

Written Discussion: Hy J. 1). Weller, Assistant to Prof 
Carnegie Institute of Technology, Pittsburgh 

his paper is an excellent piece of work, giving evidence of a larg: 
of thought on the subject, and presenting a method which should he 
to all those who have to calculate heat flow through walls The great 
tage of the method lies in its applicability to composite walls containi 
than two kinds of materials 

In his reterence to the eraplin al method developed by Professor 
and described in “Industrial Furnaces”, Vol. 1, Chapter 3, Mr. Weinland 


to be under the impression that the Trinks method is limited to aver 





stead of true conductivities This munpression was doubtless caused by thi 
that in the example given m the book for the construction of the curs 
average conductivity was used Phis was done tor the sake of brevity, at 
considered suthciently accurate for most uses, especially m view of ti 
that, at the time when the method was developed, average conductiviti 
practically the only ones available. bor some years past, however, we 
used the method with true conductivity values for materials like slag woo! 
which the conductivity-temperature line has a considerable curvaturs 
temperature-heat conduction curve is constructed by the point-by-point, 100 d 
gree interval method. lor example, starting at 2000 degrees Fahr., th 


conducted when the outside ot the wall is at T degrees Fahr., ts 





I x | (2000 — 2500) & Caso + (2500 — 2400) XK Caso + (2400 3K) 


thickness < Crane Ft e ¢ (] 100) T) X C(q ) | 































the values Coss. Came, ete. beme the true conduetivities at 2500, 2450 degre 
Kahr., ete Once the curve has been obtained tor anv thickness of a given n 
rial, curves tor other thickness are found with great case by the method 
inverse proportion 

It should also be noted that the Trinks’ graphical method can be appli 
to walls of more than two materials, by using two or more sheets of sufficient! 
transparent paper For a wall of three materials, the method ts, 1 anythu 
simpler than for two materials The temperature-heat conduction curv 


for the innermost layer of material in the wall is laid out, sloping downward | 





the right as in Fig. 75 of “Industrial Furnaces”, Vol. | (3rd edition), on t 





same (stationary) sheet as the surface heat-dissipation curve (3). On t 


this is placed a transparent sheet with the curve (2) for the next laye! 








material, sloping downward to the left, and over this ts laid another transpe 





Xo TeROUT {4 


for the third or outer laver of material loping down 


the rig Phe transparent sheets are shitted horizontally with respect 


other and to the stationary chart, until curves (2) and (4) intersect on 


while the mtersection of (1) wath (2) 1s on the same vertical line a 


ection of (4) with the surtace heat-dissipation curve (3) (see kip 


» above): this vertical line madteates directly the heat hk through the 


1t¢ wall 
yy reading Mr. Weimland’s paper, the thought occurred to the writer that 


ht be possible, by the use of some sort of melned-axis nomogram, to 


one seale as in the author's Fag. 2 suthee tor each material, and by chang 


rc inelinations of the various seales to correct automatically for different 


ESS One way to do this would be to place each 


ith that when horizontal ito ois correct tor. the 


cale, drawn to such 


snatlest: commercilly-used 


of the material, on a separate strip ot carboard; pivot the strips on 


keround sheet, and mark the slopes which apply to various other thick 


of each material Phe background sheet on which the strips contaming 


ies would be pivoted should be of cross-section paper (graph paper) 


vertical and horizontal lines close together kor any combination of 


als and thicknesses, the user would set cach seale to the proper slope, 


dividers to an estimated value, and apply them not to the sloping seal 


its projection on the horizontal, as medicated by the vertical background 


Phe same divider setting would be used tor all the components of the 


| Keept tor this difference, the dividers would be used 


bed by the author im his seetion ITI It would 


exactly as. ae 


seem that this modification 


ld obviate the tedious calculation of correction factors and resetting ot 


det and would make the method entirely graphical Possibly an even 


ler way fo using the inelined seales could be devised 


fhe writer feels that one pomt should be emphasized im connection wath 


computation of heat loss through walls, namely, that in view of (1), varia 


fo at least 30 per cent m the conductivity of different kinds ot tirebrick, 


is well as considerable variations from lot to lot im brick and also in 


latiny materials, and of (2), variations m heat loss due to heat storage 


teady temperature conditions have apparently but not actually been 


ched (which losses are only distinguishable from true conduction loss with 


theulty if at all), any values obtained by computation, graphical or otherwise, 


not hard and fixed values, but are to be regarded as rather rough approxi 


ons only; and that it is especially misleading to attempt to figure saving 
one material over another when the difference between them ts of the 
or 10 per cent of the total heat loss 

Written Discussion: By I. A. Harvey, Director ot 


ker Refractories Co., Pittsburgh 


aT det 


Research, Harbison 


The first part of the paper, through the second section, has been the part 
ch 


| personally have studied most caretully Phe impression which | gather 


m this introductory part is that the preliminary discussion and mathematical 
are entirely in accordance with fact up to the middle of page 434, when 
vever, the increment of temperature is taken as 100 to 150 degrees bahr., it 
to me that this is so far from what we regard as a differential increment 


the definition of true conductivity no longer holds. In other words, up to 
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equation 7, it seems to me that everything is logical and exact, | 


tit 


term true conductivity should not be used tor so large an interval wit 


tional explanation. It the curve showing the relation between heat qu 
temperature per unit area were a straight line, the quantity dq/dt 
a constant, and true conductivity and averayre conductivity would 
ame numerical value By the amount, however, which the cury 
from ai straight line, the definition of true conductivity will be 
What | am really intending to convey is that | believe there should bh 
tative statement following equation 7 and also that | do not believe 
call your figure “true conductivity” 

R. kK. Bireh and R. S. Moore, of our company, have considerabl 
ence m calculating heat flow through walls of various types and 
compiled the tollowimg discussion of the latter part of your paper 

That heat balances of tmdustrial furnaces and methods of reduci 
losses through the retractories are receiving more and more. att 
everywhere recognized. One journal which recently published an arti 
cerning the calculation of heat losses, has reported that the request for 
has tar exceeded that ot any other individual article. To the accu 
fund of mformation on this subject, Mr. Weinland’s method its an i 
contribution 

Persons who only intrequently have occasion to calculate heat los 
that the published methods, whether graphical or arithmetical, mvolve 
operations mvolving trial and error \lthough the repeated use of the best 
these methods leads to a measure of simplification based on the worker's « 
perience, the operations still remain laborious and any new calculation met! 
received hopetully 

In considering Mr. Weinland’s method, it is of most interest to det 
whether or not the method imtroduces simplifications which will reduce the 
required for calculating heat losses. This involves comparisons of an untamuil 
method with others whose manipulation has become tamiliar through t 


use, and naturally it is ditheult to eliminate presumption trom = such a « 






parison 
If we first distinguish between the methods ot calculation which art 


dominantly graphical and those which are predominantly arithmetical, the « 








parison is simplified. In this grouping, Mr. Wetnland’s method ts considered 


to lead to a graphic solution, although some steps of multiplication ar 
quired. It is our feeling that the new method seems simpler by far than 
graphical methods with which we are familiar 


Phe method does not seem to possess the same marked advantage ove! 


best of the predominantly arithmetical methods. As a matter of fact, Mr. Wen 


land’s method would almost certainly require more time \llowing tor 


simplification of method (for example, in checking) which would come wit 


experience in its use, the new method is found to contain a greater number 
steps than the best arithmetical methods This conclusion applies particu 
for those who frequently make heat loss calculations. Furthermore, th 

cessive shifting between arithmetical and graphical steps in Mr. Wernlar 


process might increase rather than shorten the time required to arrive 4 


solution 


] 


a 
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statements are made with the trequent user in mind. Fo 


hrorevomne 
group of persons, the beginners and those who seldom make heat k 


recommended tor its concise, easy-to-tollow. steps 


Wemland’s method substitutes multi 


predominate the arithmetical 


ns. the method ts 


ther welcome simplification, M1 


for the Steps involving division which 
Phis advantage is of no consequence to slide-rule user 
Written Discussion: By ©. A. Peterson, Armstrong Cork Co 


Pennsvivania 
Weinland has devised an ingemous method tor simplitving the calcula 


nd shortening the time usually required tor solving problems on furnace 


SCS 


lescribed, the procedure consists ot two parts (1) Lhe total heat loss 
totalling 


\s d 


ra certain resistivity to each element, computing its resistance, 
ditterence (2) Lhe 


ryin¢ 
ith 


everal resistances and dividing into the temperature 


ation of these several results modified by a “working factor” to a series 
scales obtained trom a series ot laboratory tests on thermal con 


netional 
the conventional method of calculating 


The first operation 1s 


ivit\ heat 
by the formula tor transmittance which is equal to. the 
the several elements of the wall. It 
of the variou 


reciprocal ot the 


t the total resistances ot the caleula 


the orthodox manner, the temperatures 


completed in 
much as 5 per cent with Mr. Wein 


planes will not be in error as 
final calculations. Since the materials used in turnace walls will usually 
nore than 5 per cent due to manutacturing conditions, it would appear 
old formula gives results within the limits of good engineering 


( fhe furnace engineer would not design a wall where the hot tace 


was within 5 per cent of failure since the operation of the turnace 


rature 
failure by shehtly overheating 


Cause iccidental 
for the second part of the calculation ar 


he functional scales necessary 
apparatus located im very tew 


tained only by a sertes of expensive tests in 


ratories im this country \ manutacturer may 


his materials but im order 


provide his engineers with 
tional scales covering to design composite wall 


re alien materials are specified together with his own, he 
manner im order to complete 


( 


would have to test 


petitive materials in the same pains-taking 


are 
he ‘ ' lata 

sanidiawed’ Since every manutacturer is constantly pushing development work to im 
e his useless m a year both tor li 
ind alien products as well. New materials 


further increase the burden of tests 


products, the original work would be 
are constantly appearmy o1 


market which would 
as important as thermal conductivity 


Other physical qualities are equally 
at high temperature, abrasive 


+} 


ove}l 

e Wei as spalling, expansion, softening under load 

for the stance and flame cutting resistance, etc., so that undue emphasis should not 

me witl laid on thermal conductivity. 

enhvet Finally, the entire heat distribution in the wall may be upset by the man 

ticulat which the furnace is run where the furnace wall is not sealed an 

the t. I refer to air infiltration, where the furnace may be run e on stack 
furnace pressure or positive pressure such as usually 


with a negative 
With a negative pressure and no ann 


d with blowers and oil -burners. 
to perform extremely well whik 


a very poor insulation may be mac 
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with a positive pressure a high quality insulator may perform very 
actually fail due to the hot side of the insulation being raised beyond 
limit In some types of insulation 50 per cent difference in perfor; 

be easily shown in the two cases 

Written Discussion: By P. Nicholls, Supervising Engineer, | 
tion, U. S. Bureau of Mines, Pittsburgh Experiment Station, Pitt 

The best method of issuing data on heat transmission has freque: 

a subject of dispute. Because of the variations of both conductivity 
surface coefficients, tables become cumbersome and it is not possibl 
strict them and yet maintain exact agreement with experimental valu 
ductivities and surface coefhcients can be given more concisely as pl 
there has always been the doubt whether the use of curves would by 
stood by all, though there should be less objection to this method 1m 
there was ten years ago. 

Fig. 2 of the paper suggests a very condensed method and, if accor 
by a sheet on which the various types of computation are reduced to formu) 
it should be usable without much study. The writer suggests that 
single-figure scale values would be enough, as the accuracy aimed at 
warranted: the surface coefficient varies with conditions, and an error is int; 
duced by using one scale for all conditions; also, even though the conductivities 
may be fairly accurate for the samples tested, yet for most materials thi 
vary considerably for different consignments. To be complete, Fig. 2 should 
have included a scale for common brick. 

The writer in a paper’ in 1922 suggested a graphical method for one or 
more thicknesses of insulation based on using true conductivity, but he went 
farther than that adopted by the author in that computation was avoided by 
the use of alinement charts; thus the trial and error are accomplished by mo) 
ing straight edges. This method ts a great time saver when a large number 
of computations are required—such as for a publication. Once having mad 
the basic chart, the scales for conductivities or surface coefficients may be re 
placed by scales for other materials or conditions, and thus any degree of nor 
mal accuracy can be maintained. 

The alinement chart 1s convement in that one can read off the required 
thickness for a given heat flow or given temperature at the surface, also the 
thickness for a limiting temperature at the junction between a double layer 
insulation. 

Written Discussion: By Edgar C. Rack, Consulting Engineer, Johns 
Manville Sales Corporation, New York. 

Mr. Weinland’s presentation of a graphic method for the solution of a par 
ticular type of problem in heat transfer is concise and clear, and merits caretul 
perusal and consideration. The paper is instructive and should prove of con 
siderable interest to those responsible for the design, operation and maintenance 
of furnaces. 

This paper presents an opportunity for a general discussion on the com- 
parative value of graphical and arithmetical methods for the solution of en- 














1P. Nicholls, “The Derivation of True Thermal Conductivity Coefficients from Ov uM 
Test Results,” Transactions, American Society of Heating and Ventilating Engineers 
Vol. 28, 1922, p. 325-342. 
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problems. The question of which method its used may be considered 
ne of personal ability and inclination. Many engineers prefer the 
al. while others like the geometrical method of dealing with their prob 
Some may employ both methods, using one as a check against the other 
all. it would seem that preference of method 1s largely a matter of the 
f view of the user, and for this reason it cannot be stated dogmatically 
one or another method is the best, as long as either gives results satis 

ry for engineering purposes. 
[he engineer is primarily interested in the speed and accuracy with which 
method can be applied for the solution of his practical problems. In this 
timely development, successive steps are arranged in logical order; supple 
entary computations are simplified and “bookkeeping” entries are reduced 
to a minimum. The facilities for speedy utilization with the added advantag« 
i, satisfactory degree of accuracy of results for engineering and designing 
urposes is, therefore, evident for the service of those who prefer graphical 

lution methods. 

Formulae are often used with litthe more than a superficial knowledge of 
their derivation or limitations. However, in order to set up geometrical 
figures or function scales which are required for use with graphical method of 


1 


ution, it should be necessary for the engineer to analyze the formula fo 
which he is to use this “tool” as a substitute. It is also essential for him to 

ike a critical survey of all available data upon which to base the con 
truction of his geometric figures and scales. It may then be said, in favor of 
the method of solution proposed by the author, that those who adopt it for 
heir purposes will acquire a more exact understanding of the fundamentals of 
eat transfer, as well as a clearer perception of the thermal qualifications of 
refractory and insulating materials. 

It should be emphasized that any function scale for the surface loss factor 
must be based upon data of which our present knowledge is still incomplete 
\ definite need exists for further clarification of the effects of size, shape, and 
orientation of the surface, as well as its nature and the effect of air movement, 
upon the rate of heat loss from surface to air. However, in furnace wall de 
sign, since the surface resistance is generally low in relation to the wall con 
duction resistance, a considerable change in the value of the surface loss factor 

ist be made before there is any appreciable resulting change in the total 
esistance to heat flow. The function scale built up by the author 1s considered 
sufficiently accurate for all engineering uses in the field of furnace walls, 
especially when it is taken into account that a far more important source of 
error may arise from neglect to consider the effects of permeability and pres- 
ure difference between the two sides of the furnace wall. The actual heat loss 
ugh a furnace wall may be greater or less than that calculated on the basis 


onduction only, depending upon whether there is a higher pressure on the 
or cold side of the wall, and the degree of permeability of the wall’. Even 

insulating with some of the loose filling materials offered for insulating 
poses, the permeability coefficient of the wall may be appreciable. The in- 








H. Bansen, “Gas Permeability of Silica Brick, Mortar Joints and Masonry,” Arch 
huttenruls, Vol. 1, 1928-29, p. 687-92 See also E. Maase, ‘Calculation of Losses from 


trial Furnaces,’ Feuerfest-Offenban, Vol. 7, No. 7, July 1931 
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dustry 1s able, however, to supply materials in preformed shapx 


properly apphed, are capable ot accomplishing material reducti: 
leakage If this method of solution could be amplified to includ: 
ot pressure difference and wall permeability, it is telt that its use cou! 
widely extended, tor those who preter graphical methods for th 
engineering problem 

The author has undoubtedly devoted much time and study t 
and the method he is offering, as a labor-saving device for solving 
which involve lengthy computations, should certainly be welcomed 
have occasion to make heat transter calculations of furnace wall 
equipment 

Written Discussion: By RK. H. Heilman, senior mdustrial fell 
Institute of Industrial Research, Pittsburgh 

\ number of graphical methods have been presented from. tin 
tor the determination of heat transmission through compound insulat 
method is apparently the best that has appeared, and, when th 
accurately prepared and suthcient temperature mtervals are included 
sults obtained will be sufherently accurate for all engineering purpos 

The method should be especially valuable to engineers who hav 
many calculations to make tor various wall thicknesses, temperat 
Llowever, for the average engineer who makes a few calculations at j 
intervals, it is doubttul uo the graphical method will be of 
assistance 

If one has to construct tunection scales tor the numerous other type 
insulations not meluded in the paper, it will be found that the calculat 
heat transfer can be made much quicker by the trial and error n 
mathematical calculation 

Since the graphical method also requires some mathematical calculat 
indicated in the third section, tt 1s belheved that little time will b 
even with all function scales at hand, over that of the mathematical 
The simplicity of the mathematical method is indicated in a recent 
the writer When the mean temperature conductivity curves. for 
not having a straight line relation are obtained from accurate test result 
mall temperature differences between the taces of the material, no err 


result im their use 


Authors’ Closure 


Many interesting and important points have been brought out in the 
ing written discussions, among which the subject that probably deserve 
greatest emphasis is that of “true” thermal conductivities. This met! 
representing the result of thermal conductivity tests is undoubtedly th 
accurate one proposed thus far, and the growing interest im the subj 
indicated by its further treatment in a recent paper by Finck*®. That a te 


with temperature differences of the order of 150 degrees Fahr. yields data 


‘Technical Bulletin No. 47, American Refractories Institute 


‘TL. Finek, “Ae Apparatus for Measuring the Thermal Conductivity of Refra 
High Temperatures,’ Journal, American Ceramic Society, Vol 18, 1935, p. 6 
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itely the mathematical concept ot true conductivity, as brought out by 
y, is quite true. Closer approximations are not generally needed in 
lay engineering practice, and m any case turther developments in testing 


jue will be required to make them available 
laying obtained the conductivity data tor the materials ot turnace con 
n in the form ot true conductivity curves, the question then arise 
iow to use the data m calculation ro use such data in the conven 
arithmetical calculation method, as is apparently advocated thre 

by R. H. Heilman, involving as it does the assumption of equivalence 


1 mean conductivity mtegrated over a wide temperature imterval and 


conductivity at the mean temperature, is simply to perpetuate the type 


rror which creeps in when conductivities are other than straight line 


1 What is needed is some method ot integrating the true conduc 
function between limits variable im such a manner as to be applicable to 


problem. In the discussion by J. D. Keller a practical solution ot the prob 
presented as an extension of ‘Trinks’ method ot calculation, which 1: 

er developed to enable calculations involving more than two materials im 

yall to be mad he use of the adjective “tedious”, athe writer 
il discussion of ‘Trinks’ method, was somewhat ill-advised 

Phe integration of the k dt function and the representation ot the imtegral 


function scale is a thoroughly workable and accurate device \s brouvht 
the discussion by P. Nicholls, this device was proposed by him im 1922, 


developed into a completely graphical, nomographic method, although it 


to calculations involving a multiplicity of materials has only been 
Ld. Keller of using tunection 


wion 


lin a broad way. The sugvestion ot | 


i 


of vanable slope would result in a completely graphical method, and 4 


ore quite mteresting 
the restricted field of calculations mvolvinge one material only and the 


coeflicient, or two materials, the suggestion contamed im the discussion 


B. Austin, of inverting one scale, is exceedingly handy, and may be readily 


to take care of a material in various thicknesses by a chart consisting 


nded 


the function seale for one inch thick material drawn horizontally at. thr 


( 


with lines from each temperature graduation converging to a pomt neat 


top of the page, and with other horizontal lines at distances below the port 


ch are mversely proportional to other thicknesses of the material, to any 


of which lines the surface coefficient scale may be apphed im the mverted 


Care must be taken that all seales are drawn to. thi cunne cal 


in using Austin’s modification of the method 


(he point stressed principally by R. P. Heuer, and also by P. Nicholl 


)» Keller, and C. A. Peterson, that the results of calculation are no better 


the fundamental conductivity data upon which they are based, entirely 


rhe development of conductivity testing in the direction of reduced cost, 


dardization of method and wider application to commercial materials 1 


ahead at an accelerated pace at present, but much still remams to be 


Likewise, there is much more information needed regarding the effect 


( Rack and ¢ \ 


is flow through the furnace wall, as mentioned by | 


m, and the effect of nonattainment of thermal equilibrium, as mentioned 


' 


L. Keller 
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Regarding the diversity of opinion as to whether this method js 


preferable to the conventional arithmetical method, the suggestion 


Rack, that individual inclination should be the controlling facto: 
disregards the possibilities of this method for avoiding the errors 
in the mean-temperature assumption, both in the expresson of cor 
results and in their use in calculation. The suggestion of C. A. Pete: 
the use of median resistivities only is entirely within the necessary 
for engineering practice, is believed to be misleading, for it is less accu 
the method generally understood as the “conventional” one, which w 
better represented by the one described by R. H. Heilman. The att 
J. B. Austin regarding the median resistivity method is preferable, bs 
implies that judgment must be exercised in every case before the method 
cided to be sufficient. 


) 


The suggestion of R. H. Heilman, that this method will be of 


use to the frequent user, and that of R. E. Birch and R. S. Moore, 1 


beginner and infrequent user will benefit most, stand in interesting ¢ 








rHERMAL EXPANSION CHARACTERISTICS OF SOME 
NICKEL CAST IRONS 


uy i. |. \WV oop 


Abstract 


A be The thermal expansion characteristics of some ferriti 
tit as well as austenitic nickel cast trons have been investi 
eca it gated, particular attention having been devoted to those 
compositions which possess generally useful engineering 
properties. 

test In the low alloyed, ferritic cast trons, limitations in the 

t] he nature of less resistance to heat and corrosion narrow the 
contrast applicability of these compositions to farly low tempera 


ture ranges and but mildly corrosive surroundings. 

The non-magnetic austenitic cast irons have high ea 
pansion characteristics, and in order to obtain equivalent 
resistance to heat and corrosion with lower expansivities 
it is necessary to enter the ranges of about 27 to 45 per 
cent nickel. 

The substitution of nickel plus copper (in the Monel 
ratio) for an equivalent amount of nickel in cast iron pro 
duces expansion rates comparable to the straight nickel 
alloys at 15 and 20 per cent, but at Iugher alloy con 
tents the expansivities are of a higher order than in the 
corresponding copper-free cast irons. 


t RECENT years the greater refinements made in engineering 
construction have created a demand for cast irons which are not 
only heat resistant and corrosion resistant, but which also must have 
thermal expansion characteristics suitable for the particular applica- 
tion involved. However, efforts on the part of the designing engineer 
to select cast irons of the optimum expansivity have been considerably 
hampered because the information available on the precise effect of 
the various “commercial” elements on this physical property of cast 
iron has been somewhat meagre. It is in an attempt to relieve this 
situation, partially at least, that the expansion data in the present 
iper are offered. It is to be emphasized that these data are not 

esented as a systematic study of the effects of varying nickel con 


(he author, T. J. Wood, a member of the New York Chapter of the 
ety, is research metallurgist, Bayonne Research Laboratory, International 
el Co., Bayonne, N. J. Manuscript received January 18, 1935. 





455 
















1S TRANSACTIONS OF THE A. S. M 














tents on the expansivity of a fixed cast iron base mixture, 
as an assembly of information on various alloyed cast irot 
compositions adjusted to produce other usetul engineering 


as well 







|LITERATURE 


It is well known, of course, that cast 1ron 1s essentially a 






veneous mixture, and that it contains at least six element 
which may affect the net expansion rate in some certain degre 
ably one of the most powerful factors affecting the expansiy 


ordinary cast iron is the combined carbon content. For exa 



















has been shown by Driessen! that an increase 1n the combined 

content from 0.05 to 3.66 per cent in iron will decrease the mean 

ficient by as much as 26 per cent at 212 degrees Fahr., and 17 pe: 

at 750 degrees Fahr. (400 degrees Cent.). Silicon promotes the 

mation of ferrite ( decreasing the combined carbon content ) 

this function it may be expected to increase the expansion rat 

over that of the pearlitic or sorbitic irons) although the element 

se does not appear to greatly affect the expansivity of iron, as 

cated by Greiner, Marsh and Stoughton’. Available data’ or 

coefficient of expansion of graphite show that the presence of th 

element in its free form tends to decrease the coefficient very slight) 
The similarity in the expansion coefficients of the austeniti 

nickel-copper-chromium cast iron known as Ni-Resist, and cert 

cast aluminum alloys has already been taken advantage of comn 

cially, as recorded by Jeffriest, as well as Vanick and Merica lt 

this instance, Ni-Resist sleeves were used in aluminum alloy cylinde 

particularly in air-cooled engines and light weight air compressors 
Boegehold® reported that the thermal expansion coefficient of an 


“adjusted base” 1.41 per cent nickel cast iron is appreciably lower 





than that of the usual grade of plain cast iron. His results also 1 
dicated that additions of molybdenum tend to lower the coefficient 


below that of the plain tron. 





Vol 


E. S. Greiner, T. S. Marsh and Bradley Stoughton, ‘‘The Alloys of Iron and 
\lloys of Iron Research Monograph Series, McGraw-Hill Book Company, 1933 


'Driessen, International Critical Tables, 


II, p. 470, Table 19 
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\ detailed study of the expansion characteristics of cast irons 


in nickel content from 20 per cent up to 50 per cent has been 





ented in an article by Wickenden’, in which he mentions the us¢ 





i-Resist for piston rings, and also tor valve seat inserts in alu 





im engine heads. This author showed that austenitic cast trons 





high heat resistance and corrosion. resistance could be obtained 





expansion characteristics which very closely match those ot 





minum, plain cast iron or carbon steel, depending upon the nickel 





tent 






\PPARATUS 









(he apparatus used in determining the expansivity of the various 


irons was the quartz-ditferential dilatometer which has been 





scribed by Seott*. The details and limitations of this apparatus 





re too well known to require any discussion here. 





he thermal gradient of the heating furnace in the test zone was 






ractically zero, due to a copper jacket around the outer quartz tube 





{ the dilatometer. The heating rate of the test specimens averaged 





} degrees Fahr. per minute. A dial gage which could be read in 





units of 1/10,000 of an inch was used to measure the length changes 





the specimens. 






Test SPECIMENS 








\ll of the cast 1rons used in this work were cast in the form ot 


ars 34 inch in diameter by 6 inches long, with the exception of one 





vhite cast iron which was '% inch in diameter by 6 inches long in 






he cast dimensions. 





\pproximately three-quarters of all of the specimens were 





inachined or ground with the ends tapered at about a 45-degree angle 





vith an effective length of about 4 inches, and '% inch in diameter. 






lollowing the Scott procedure it was necessary to take into considera 





tion the error introduced in the linear expansion measurements by the 


iteral expansion of the conical ends of the specimens, inasmuch as 





he quartz seats for these ends had a much lower expansion rate. 





ue to an improvement in the dilatometer design, the remaiming 





uarter of the specimens were tested with flat ends, and had an 





fective length of about 4 inches with a diameter of 44 inch. The 






ermocouple was attached by means of a force fit of the bead im a 














l. H. Wickenden, ‘‘Heat and Corrosion Resistant Cast Irons,’ lutomotive Industries 
, 1933, No 15, p 428 
Howard scott, “Expansion Characteristics of Low-Expansion Nickel Steels,” TRAN 





American Society for Steel Treating, Vol. 13, 1928, p. 829 
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hole drilled in the center of the specimen. The analyses of 


test specimens are given in lable I. 


‘Test RESULTS 


he expansion curves obtained on the several cast irons are 
wn in Figs. 1 to 6. A slight departure from the orthodox method 
employed in calculating the expansion coefficients im that the 


of the lower portion of any given expansion curve was extended 


> 


Treatment 
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Fig. 1-—Expansion Curves of 3.30 Per Cent Nickel 
on After Treatment Shown. 


ntil it met the 50 degree Fahr. intercept. By noting the correspond 
‘ displacement of the zero point by this extension, a correction was 
nade for the length change of the specimen for each temperature 
elected in the calculation of the mean expansion coefficients. This 
rocedure was felt to be required when it was considered that the 
ower portion of practically all expansion curves (secured by the 
tinuous reading” differential method) are bowed toward the 
an effect due to the thermal lag between the thermocouple and 
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the specimen during the initial stages of heating. Conseq 
extrapolating the general slope of the lower portion of 
to some arbitrarily selected minimum temperature, a ny 
accurate expansion curve should be obtained. Of course. t] 


may be fraught with danger in those cases where low te; 
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hig. 2--Expansion Curves of Tron Having Constant 
Nickel Content (3.30 Per Cent) and Varying the Silicon 
Content Heat Treatment as Shown 


in the 


transformations occur, but the absence of such phenomena 1 


present work made the step permissible. It may be noted that in 


several instances where curves were obtained starting at temperatures 
well below the base point of 50 degrees lahr., the corrections becam 
extremely slight, and under no circumstances were they very larg 


\ll of the cast iron expansion specimens were annealed pri 


testing, as it had been found that the length changes due to ca 





relief on the first run were of a magnitude suthcient to prevent 


ucible results. 
vidence of the variables which may be initially encountered in 


ansivity of plain or low alloyed cast 1ron due merely to differ 








big Expansion Curves 


\tter Heat Treatments Show 


in cooling rates is contamed in big. 1, which show 

curves of a nickel cast 1ron which has been: 
(1) Normalized 
(2) Normalized, and then oil-quenched trot 
Kahr. (815 degrees Cent. ) 
Treated as above in (2), and drawn 
ahr. (540 degrees Cent.) 

ill be noted that the expansion rates of this 1 


mt 


ind (3) are practically identical, whereas in th 


the expansion curve bears little resemblance t 


the effect of an increasing silicon content (with tl 
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constant) upon the expansivity of cast iron is demonst 
Curves 3, 4 and 5 in Fig. 2. The expansion coefficients 
irons are shown in Table I, and demonstrate, in general, th 


silicon content increases, the coefficient increases. The tre) 


y, , 
/ 2 eBt Mme, rr 





hig. 4 Expansion Curves of Austenitic Cast Irons 
with Varying Nickel and Chromium Contents Afte1 
Heat Treatments Shown 


clearly defined at temperatures below 400 degrees Fahr. (205 degrees 
Cent.), but it is well established in the higher ranges. 

The expansion characteristics of martensitic and austenitic cast 
irons are exemplified by Curves 1 to 4 in Fig. 3. The break in Curv 


l is due, of course, to the transformation from the ferritic to the 


austenitic condition. ‘The compositions represented by Curves 3 and 


4 are the usual types of austenitic cast iron, and are structurally stable 
over a wide temperature range. The chromium content of these irons 
is present for the purpose of increasing the hardness and also to 
enhance the thermal stability. 
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hie. 4 and 


ing in nickel content from 29.2 per cent up to about 70 per cent. 


are given the expansion curves of cast irons 


majority of these irons contain substantial amounts of chromium 
rder to provide a cast hardness ot around 140 to 160° Brinell. 
y are easily machinable. 

In view of the similarity in the expansion coefficients of the 


tenitic 20 per cent nickel and the 14 per cent nickel-6 per cent 


| 
| 





¥ 

¥ : 
iy 
i oi 
degrees ¥ 


« 
ca 


aie les IDET GLUT CO 

itic cast 
big Expansion Curves of Austenitic Cast [ron 

with Varying Nickel and Chromium Contents After 

: Heat Treatments Shown. 

c to the y 


n Curve 


copper cast irons (see Curves 3 and 4, Fig. 3), it was felt desirable 


ly stable ascertain whether the substitution of nickel plus copper (in the 


se 1rons nel ratio) for an equivalent amount of nickel would yield identical 


e t - . ‘ . a ° 3 - b 
also to pansion rates in other alloy ranges. The expansion curves of three 


the compositions selected are represented by Curves 1, 2 and 3 





hig. © lhe mean coethcrent data of these irons may 
in Table | alone with the values obtamed for a lS per cen 
and a 39.5 per cent Monel cast iron \nalysis of these data 
| tarled to reveal any close relationship in the expansion chara 


between the high 1114 kel plus COpPpel (Ol Monel ) irons and t] 


hig. © Expansion Curves of Austenitic Cast rons 
with Varying Nickel, Copper and Chromium Content 
\tter Heat Treatment Shown 


Irons of equivalent alloy content, whether considered as total equi 
lence (nickel plus copper), as nickel alone, or as a change im 
iron-nickel ratio with the copper acting as a diluent. Thus 1t 
be concluded that the substitution of nickel plus copper in the Mon 
ratio for an equivalent amount of nickel in order to obtain. sim 
expansion characteristics seems to be efficacious only in the lowe! 


ranges, as at 15 per cent Monel ( 10.7 per cent nickel plus b.3 per 


copper), or 20 per cent Monel, while at higher alloy ranges the cop 





(er, CAS! IKONS 


taining irons possess higher expansion rates than the corre 


ng coppel free compositions. 


comparatively low expansion coefficient is obtamed in the hard, 


iwloved cast iron represented by Curve 4 in big 6 The fact 








ll of the carbon 1s mn the combined torm accounts tor the 


pansion rate of this iron. 

The isotherms shown in Fig. 7, which represent the 
nds which may be expected at the various nickel range 
m, do not include the data on the copper-content irons 
been made to locate these curves with exactitude, be 
ntioned previously, variables such as silicon, carbor 
nese contents will alter the values somewhat 

In Fig. 8 are shown the 1tsotherms for the 

\ comparison otf these curves with those in 
veals the higher expansion rates of the nickel-coppet 
oy content is in excess of 20 per cent 

By strictly observing compositional limits it 
un heat and corrosion resistant austenitic cast 

ither wide selection of expansion ranges \s 


] 
wes 11) 


now using 35 per cent nickel cast iron ¢ 


iper pulp products, as this particular iron turn 


tance to heat and corrosion as well as a low ex} 
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vents excessive distortion in the electrically heated, conical shaped 
yale die. Another concern has found that by substituting 28 per 
t nickel cast iron cylinder liners for those made of plain iron in 


ups handling gas high in H,S content, expansion characteristics 


ension per Fx 10* 


as Fur 
of Exp 


20 


fone I ontent, Per ( ent 


Mean Coefficient 


Fig. &——-Expansion Isotherms of Monel (Nickel 
plus Copper) Cast Irons 

similar to the plain iron liners were obtained, while the lives of the 
pumps were greatly extended due to the improvement in corrosion 
resistance. Ni-Resist has been found to be an excellent material 
for use as an internal chiller core® in cylindrical castings of plain iron, 

the austenitic cast iron expands rapidly when the molten metal 
first contacts it so that when solidification is complete, and cooling 
takes place, the more rapidly contracting Ni-Resist core may be 
easily withdrawn from the plain iron casting. In a similar manner, 
numerous other applications and combinations can be made to obtain 
conformity of expansion properties together with satisfactory heat 


and corrosion resistance. 


PHYSICAL PROPERTIES 


In view of the fact that the physical properties of the low 


alloyed ferritic cast irons are generally well known, no attempt will 
be made to review them here. The less familiar properties of several 


types of austenitic cast irons are shown in Table II, which lists not 
only the actual values obtained on the different compositions, but 
iso the usual range of properties which may be expected. ‘The 
principal factors which will influence the tensile strength and hard- 
ness of these alloys are the total carbon and chromium contents. 


“High Expansivity Feature of Ni-Resist Recommends it for Internal Chillers,” Nickel 
ist Iron News, Vol. 5, 1934, No. 2 
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SUMMARY 


Phe expansion characteristics of a series of cast irons rai 

































nickel content from O to 7O per cent have been investigated 
been established that many possibilities are afforded in select 
iron which possesses, besides special corrosion resistant proj 
an expansion rate ideal for the application involved (cylinde: 
piston inserts, internal chillers, ete.). 

In the low alloyed irons, 1. e., the ferritic as opposed 
austenitic types, limitations in the nature of less resistance t 


and corrosion narrow the applicability of these compositions to 








low temperature ranges and but mildly corrosive surrounding 





exception in this group ts the 4.5 per cent nickel-1.5 per cent « 





ium white cast iron, which has rather remarkable heat rr 












properties 

The nonmagnetic austenitic cast rons (18-22 per cent nick: 
Monel metal) have high expansion characteristics, and in ordet 
obtain equivalent resistance to heat and corrosion with lowe: 
pansivities it is necessary to enter the ranges of about 27 to 4 
cent nickel. The lowest expansion rates of any of the irons invest 
gated were obtained in the 34-35 per cent nickel composition 

The substitution of nickel plus copper in the Monel ratio fo: 
an equivalent amount of nickel in cast iron produces expansion rats 
comparable to the straight nickel alloys at 15 and 20 per cent 
but at higher ranges the expansivities are of a higher order than 


the corresponding copper-free cast irons. 
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ACTICAL OBSERVATIONS OF SOME HIGH CARBON 
HIGH CHROMIUM TOOL STEELS 


By W. H. WI1xLtL: 


Abstract 


l his pape) deals woth ad study oT three high carbon 
igh chromium tool steels. One was a straight chromium 
type, the second resembling the first but with the addition 


a if 1 per cent vanadium, and the third an air hardening type. 
Phe points discussed include the manufacture, heat treat 
. nent, and physical properties. Special tests comparing thi 
( limenstonal changes of steels 2 and 3 are described. 
resistant Vention is made of the principal applications of these 
steels and that it 1s difficult to meet all requirements with a 
" single steel of this type. All things considered, Steel 3 ap 
pears to be the most suitable for general uses where a high 
rc arbon high chromium steel ts desired. 
wer | 
» 45 ve 
Laid Hk high carbon high chromium tool steels as a group are not 
™ ii eas but represent a comparatively recent development among 


, lie products of tool steel mills. The high resistance of these steels 
ALIO TOrT : : ; : : 
abrasion together with good nondeforming properties have made 
mT if > > Pa 

i «i L( : . ° ° rr. 
‘ hem increasingly popular for many applications. ‘hese steels appeat 
; Cel) oT 7 


o have had their origin from experiments to develop a substitute 


— r high speed steel. They have, however, never found much use 
the cutting tool field. They have instead been used in many kinds 
die applications and have successfully competed with high speed 

teel. The first steel of this type on the market had a range of 
vestions 1.50 to 2.50 per cent carbon and 12 to 16 per cent chromium with 

Pilling no other alloys. This straight chromium type, particularly when the 

ance of carbon content is over 2.00 per cent, is quite low in toughness or 1m- 


pact value, and for the purpose of improving this, later analyses have 
ine out with additions of vanadium and nickel. Other additions 
ave included cobalt and molybdenum, the latter in particular to 


prove the air hardening property. 


\ paper presented before the Sixteenth Annual Convention of the Society 
in New York City, October 1 to 5, 1934 Phe author, W. H. Walls, 1: 
ciated with the metallurgical department of the Ludlum Steel Co., Dunkirk, 
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Y. Manuseript received June 28, 1934 
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Gill’, in his paper on high carbon high chromium steels, 
in a comprehensive way the metallography and physical propert 
six representative types of these steels. In view of their wides 
use it was thought that more information regarding these steel: 
ticularly of a practical nature would be of quite general int 
The purpose of this paper, therefore, is to discuss three tyy 
high carbon high chromium steels with which the author has 
concerned involving their manufacture and application. Thes: 
are based on mill observations, laboratory tests and exami 
of tools that have been in service. The first of these 
the older straight chromium type while the other two cont: 
similar chromium content and the addition of other alloys. 
type analyses of these steels are as follows and they will be cd 
nated by these numbers throughout the paper. 





Steel No. 1 Steel No .2 Steel No. 3 
Per Cent Per Cent Per Cent 


Carbon 2.40 2.10 1.55 
Manganese Je 30 30) 
Silicon 0 25 0 
Chromium 11.50 12.00 12.00 
Vanadium aaa 1.00 25 
Molybdenum nares wince 80 


MELTING 


The melting of these steels can be done in the crucible or by 
electric furnace process. At the present time it is carried out for 
the most part in electric arc furnaces with a basic hearth. 

A typical electric furnace charge consists of about 30 per cent 
high carbon high chromium scrap and the balance high grade low 
phosphorus low sulphur steel scrap such as heavy plate or punchings 
When melted, the first preliminary test will show a carbon content 
of approximately 795 per cent of the carbon content in the original 
charge and the recovery of the chromium will run about 80 per cent 
The heat is slagged off as usual and carburized on the bare metal with 
crushed electrodes, resulting in a gain in carbon of approximatel) 
0.70 to 0.80 per cent. The bath is then covered with a mixture ot 
lime, fluorspar and crushed coke to make up the deoxidizing slag 
After a white slag is obtained and the temperature of the bath in 
creased somewhat, the addition of ferrrochromium is made—in se\ 















‘J. P. Gill, “‘High Carbon High Chromium Steels,”” Transactions, American 5o 
for Steel Treating, Vol. XV, No. 3, p. 387. 
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narts—-as the amount to be added is comparatively large and if 

rge a quantity is added at once the bath and slag will be chilled 
essively. 

\dditions of other alloys of course, are relatively quite small 
mpared to the ferrochromium and these are made a short time 
ore the heat is ready for pouring. The length of time under the 
xidizing slag is increased due to the large ferrochromium addition 

nd the total time averages 30 to 40 minutes longer than on a heat 
high speed steel. 

The pouring temperature of these steels is comparatively low and 

is quite close to that of high speed steel. The straight chromium steel 
Steel 1) is more fluid then the others and Steel 2 with the high 

vanadium content appears the most sluggish. All three grades are 

susceptible to piping and must be poured slowly. The common sizes 
f ingots poured are 8-inch square (700 pounds) and 12-inch square 
1500 pounds ). 


FoRGING, ROLLING, ANNEALING 


Ingots of all three of these grades are always annealed before 
forging. Slow and thorough heating before cogging is very im- 
portant. Ingots and the larger billets (4-inch square or larger ) 
are preheated before charging in the heating furnaces. The usual 
practice after a day’s run is to open the door on the heating furnaces 
and allow them to cool down to about 1400 degrees Fahr. before the 
ingots or billets are charged for working the following day. The 
charge is allowed to equalize for several hours before the temperature 
is gradually brought up to about 1900 degrees Fahr. A temper- 
ature of 1950 degrees Fahr. should not be exceeded in the case of 
any of these steels. The heating time on the 8-inch ingots runs 
about 16 hours in the furnace before hammering and 50 per cent 
longer on 12-inch ingots. While the heating time is much the same 
as high speed steel, the forging temperature is 50 to 100 degrees 


ahr. lower. Eight-inch ingots are reduced to 4-inch square billets 


on the hammer and require two reheatings. Owing to the density 


ind brittleness of these steels in the as-cast condition, rolling of 


e ingots on a mill is not practicable and the carbide network ot 
ellular ingot structure is best broken down by hammering. These 
teels should not be worked too cold (below approximately 1550 to 
UO degrees Fahr.) because tearing is apt to occur on the corners. 


iter forging or rolling, the stock should cool down out of contact 
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with aim currents or moisture When the steels are wo: 
billet form the duetility 1s mereased so that rolling of si 
ordinary size can be accomplished without difficulty hi 
ection commonly rolled are 3 > | inch rounds lt | 
to avoid a more or less “woody” fracture associated with a 
toward cellular carbide distribution im the larger sizes of | 


uch as 


partie ularly ina transverse direction 


hy thre 


the three 
and 1s 
range and 
Steel lo 

ished 


wood 


bat ’ 


Regular 


chromium 


beabi 


tse 


al clo e 


ot 


tteels discus ed, 


borginyg 


3.5-inch round or large 


his means low resistance | 


when these larger sections are 


stee 
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the most hable to give trouble with tearing ; 


2 has the narrowest 


Steel 


Improved strength 1 


Involve 
bore wy 


3 ha 


is the most readily handled in forging and rollin 


CC ond 


the per cent recovery from ingot 


will vary somewhat, but 65 to 7O per cent 1s cor 


preu tice 


steels with high 


at 


the 


hours at temperature and 24 to 36 hours cooling Ha 
nealed bar stock following this eycle will range trots 
rinell While the great majority ot users tind tl 
tnachine satisfactorily at these hardness values, there 


complaints in respect to their machinability 


bol 


inachining operations such as milling and filing 


abrasion 


resistance 


make 


bor 


More 


heir im 


less ditheulty 


Vhis 


Aare 


to anneal the high carl 
speed steel heats at L600 to L650 


with a cycle of approximately 6 to 8 hours coming up 
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is in most cases offset by the advantage ot longer tool lite 







susceptible to work hardening and this combined wath their britth 
nature makes them very 


used as with high speed steel, but even with these very light redu 


tions they 
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Phe Iigh carbon Ingh chromium. steels 


difficult to cold draw 


ads al 


The sa 


are harder to draw than high speed steel. 


yroup 


Al 


me dratt 


\s night 


expected, Steel 3 with the lowest carbon content can be handled 


most readily and has been drawn in small flats and rounds 
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with sharp corners 
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IRON 


ind require considerable time at or approaching the hardenme 
itture for proper solution of the carbides, “This is necessary 
development of maximum hardness and wearmg quality 
the heat treating methods tollowed by users of these steels 
the practice Of pac k hardenimy is quite generally used ack 
terials may be charcoal, carburizing compound, or cast: ion 
It is possible to acquire a carburized case mm pack hardening 
l charcoal or carburizing compound is used and when this 4 
rable, spent materials should be used 
When the heating for hardenmy is done mi an open tire furnace, 
{me phere hould be so achyusted that sealmme as held) to a aan 
during the comparatively long heating period ln ordinary 
ce or fuel-fired furnaces, sealing may be retarded by putting 
aloon the hearth or bottom and avoiding the mtroduetion of 
much as possible lclectrmic) furnace with controlled atme 
eres are now available and have solved the problem: ot sealing and 
irburization encountered in the open fire hardenmy ot these steel 
reby saving considerable time over pack hardenimne 
(on account of the varying conditions that obtam im heat treating 
race uch as rate of heat transter, turnace atmosphere, et itt 
ihle to make a rule as to detinite length of time required im 
rdenme steels of this type. Tlowever, the curves shown im lig. | 
he of interest as imadieating the approximate time required to 
steel Sup to the hardening temperature im a gas-tired furnace 
is typieal for the group and assumes the use of a preheat at 
degrees ahi he time periods mdicated by curve | are neares 
hat required im the open. tire 
\ comparison of the hardening temperature of the three steel 
Steel | with a range 1650 to 1750 degrees ahr. and Steel 
» with 1750 to T850 degrees Kahr. for developing maximum 
and grain refinement, With temperatures exceeding LOOO 
re hahr. grain growth sets im, hardness decreases and ac 
panying dimensional changes imerease the imternal stresses and 
bility of cracking after quenching. Within the preferred harden 
ranges, however, the steels have been held for periods up to 3 
without appres lable yrain growth or excessive distortion. Stee! 


th the high vanadium content is more sluggish toward structural 


ves than the other two and requires a longer time at temperature 


roduce maximum hardness 


teels 1 and 2 require oil quenching to develop the hardne 
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necessary tor u ual tool and che purposes, while Steel 3 yy 
in oi or air. When cooling in still air the parts should by 
out of the furnace as free from seale as possible and the 
will be almost up to that obtained with an oil quench 
the least distortion after treatment, the tools should alway 
my Still au 

\s the high carbon high chromium steels are inherently 
it is desirable to draw promptly, particularly following an oil 


t - t . ’ ———— ———— eT 
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ISU %.. Foi 
hig. I Curve Showing ‘Time Required to Heat Steel 
Curve No, 1 Fest Pieces Preheated at 1100 Degrees 
baht lransterred to Charcoal Pack at 1800 Degrees 
baht Curve No. 2 The Test Pieces were Packed in 


Charcoal and Brought Up with the Furnace to 1800 De 
grees Fahr tor 1 Hour 30 Minutes 


Ing operation, Steel 1 with the lowest impact value is the most likely 
to develop cracks from hardening strains and the lowest draw that 
will properly relieve these, unless the size is quite small, 1s about $00 
degrees Fahr. ‘The most commonly used drawing temperatures rang 
from 400 to 600 degrees Fahr. and to a less extent up to [000 


degrees Fahr. With slow heat penetration, long drawing treatments 


are the rule and some users make it a practice of allowing the charge 


to cool with the drawing furnace 
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When the hardening temperature of these steels has been on the 


‘de so that the structure as-quenched is largely austenitic it is 
ble to develop secondary hardness with drawing treatments at 
oximately 900 to LOOO degrees lahi Chis is more pronounced 

) higher hardening temperatures and it is possible to thus obtain 


nerease in hardness from as low as Rockwell © 42 to 45 (chara 
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ristic of the fully austenitized structure) up to as high as Rockwell 
( OO to 62. So far as is known no particular advantage is gained by 
ich a treatment and increased dimensional changes would result: in 


Lvreatel possibility ol tool breakage. 


PiysSICAL PROPERTIES 


st likely 

aw that Numerous tests have been made on these steels in the laboratory 
out 300 to study ther physical properties. The description and results that 
‘S range low are limited to those that were considered of most importance 
© 1000 the tool maker. There are included variation of (1) hardness, (2) 
Atments pact o1 toughness value, (3) compressive strength, (4) dimensional 
charge nges alter hardening at standard temperatures followed by ditfes 


drawing treatments 
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PPROMIUAT-( LNRBON 


determining Compressive strength Lest prec were turned 
h in diameter about O.O1S inch tull and cut 1.5 imehes long 


ere then hardened Steel 1 at 1700 degrees leahr. and Steels 2 
at 1825 degrees Kahr. quenching in oil \ll specimens were 
one hour at temperature m each case and then ground to size 
inch ) he values for ultimate compressive strength are the 
e trom two test preces run ona LOO.0Q00 patil universal test 


chine (see Fig. 4 and Table IIT). 


lable Il 


Ultimate Compressive Strength in Relation to Drawing Temperature 


treneth on Prous 
Steel 


lhe specmmens tor the expansion tests were cylinders | oimeh im 
eter and 4 inches long with the ends ground parallel, “The length 
ich was measured with a micrometet Vhey were then pack 
lened-—-Stee!l 1 at 1700 degrees kahr., Steel 2 and Steel 3 at 1800 
rees bkahr., holding | hour at temperature. Steel | and Steel 2 
quenched m oil and Steel 3 was cooled im stall an Phe length 


measured atter hardening and after cach draw cumulative 


one hour at temperature hese results reduced to linear « 


m per meh are shown in ‘Vable LV and big. 5 


Table IV 


Linear Expansion in Relation to Drawing Temperature 


Drawing 
bemperature vinston per Linea 
Depres | ihn teel ] teel 


\ quenched , OOO0 Ooo td 
woo O.0006 O.OOTLO 
ti) 1) OOH SO 
ooo O OO0G)] 

‘) th) cote) 
00 + O.000] 
1Oo0d OOO 80 + O.0004 


hardened trom 1700 depree baht 
hardened from 1800 degrees Fah 


hardened from 1800 degree baht 
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The results of the foregoing tests show that Steel 3 devel, 
secondary hardness than the others with drawing treatments at 
1000 degrees Fahr. Steel 1 and Steel 2 maintain similar } 
values as the drawing temperature is increased. The impa 


show that Steel 3 is decidedly tougher than the other steel: 
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Fig Expansion Versus Drawing Temperature. 











is probably due to a lower carbon content. Steel 1 with the highest 
carbon content is the most brittle. It developed the maximum com 
pressive strength with the lower draws but this decreased considerably 
with the 850 degrees Fahr. draw. Steels 2 and 3 showed little differ 
ence in the compressive strength developed. Steel 2 showed mor 
change in length than Steels 1 and 3 which were similar with th 
lower draws. 


SPECIAL TESTS 


A series of tests were run to compare Steels 2 and 3 as to 










change of size after various heat treatments and time held at temper- 
ature. All test pieces were turned 7% inch round from 1-inch round 
taken from stock. These were cut 4 inches long and the ends ground 
parallel. The length was checked with a micrometer at center punch 
marks on end of test pieces. 

After length measurements were made the test pieces were su! 
jected to the following heat treatment : 
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CHROMI 


When 


temperature, they were transferred to a tube partially filled 


‘eheated in an electric furnace at 1100 degrees Kahr. 
charcoal at hardening temperature. They were held in the chai 
pack one hour. The Steel 3 pieces were removed and cooled in 


air, while Steel 2 pieces were quenched in oil. Samples of the 
erades representing each hardening temperature were run_ to 
er. These temperatures ranged from 1700 to 1950 degrees Kahr. 
teps of 50 degrees. 
(he size of each specimen was measured 1n the as-quenched con 
ition, hardness checked and the sample taken for micro examination 
mples of each grade representing each hardening temperature were 
rawn at 400, 500, 750 and 1000 degrees ahr. (cumulative draws ) 
d checked for hardness and size between draws. ‘To determine 
(fect of time at temperature on change in size, additional samples 
vere run at 1700, 1750, 1800 and 1850 degrees Kahr. in the same 
Results obtained are given 


wav. but held 3 hours at 


ables V and VI. 


temperature. 


See Figs. 6 and i 


Table V 
Microstructures Observed on Quenched Specimens 
ning 


Steel 3 
structure 


Steel 2 
Structure 


rature 
s Fahr 
martensite Kine mixed martensite and austenite 


1 hr. Largely fine 


\—1 hr. 
highest thr 
hr Martensite and austenite, 

of grain boundaries 


Largely fine martensite Fine mixed martensite and austenite 


Fine mixed martensite and austenite 


Mostly 
visible 


Largely fine martensite 


slight trace austenitic--grain boundarte: 


hn com 


derably 
differ 
| more 


ith the 


emper- 


round 


punch 


me time maintaining low distortion. 


he results of 
pround range of 1800 to 1900 degrees Fahr. 


eveloped 


Martensite and austenite, slight trace 


of grain boundaries 
Martensite and austenite, 
ably enlarged needles 
Mixed martensite 
grain boundaries 
Mixed martensite 
grain boundaries 


( onsidet 


and austenite, no 


and austenite, no 


Mixed structure, martensite and aus 
tenite, no grain boundaries 


Mixed martensite and austenite, trace 
of grain boundaries 


Y 


these tests show 


wherein maximum 


the hardness being over Rockwell C 65 


Mostly 


visible 


Austenitic 


austenits grain boundart 


rather large grain size 


Fine mixed martensite and austenite 


mixed martensite and austenite, 


grain boundaries 


Fine 
trace of 


mixed martensite and austenite, 


grain boundaries 


Fine 
trace ot 
Mostly austenitic 
pronounced 


Grain boundaries 


that Steel 3 has a hardening 


hardness 


and at the 


This range for Steel 2 1s 


) to 1900 degrees Fahr. for developing a hardness of Rockwell 


> or higher. 


However, the change of size for Steel 2 is 


SOme- 





ICTIONS GF THI ' M 


what vreater than tor Steel 3 Where the average dist 
Steel 3 over the rPahnive LSOO to 1900 degrees leahr, iS an 
of OOOO neh per inch of length as cooled in. still alr, 


the rahnyve 1750 lo 1 OOO) degrees leahr. shows all average « 


Q.0O1S2 inch per inch of length as quenched in oil, Aft 


Dr Sn N70 Vg “y 10 : 
{ Length with Varios 
draw at 400 degrees ahr. to Rockwell © 62-64 which ts comme 
inany tools, the average change on Steel 3 was 0.00052 inch expai 


per mech and on Steel 2 0.0010 inch expansion per inch, Hold 
long time at temperature (3 hours) over the range 1700 to 1850 
erees Fahr. appears to have little effect on hardness, struct 
dimenstonal change tor either grade. 

Uhroughout the hardening range investigated (1700 to 1950 
erees Kahr.) with both grades there is expansion after hardet 
Chis is followed by gradual contraction with draws up to 750 to SO! 
degrees Kahn \bove 800 degrees Kahr. there 1s a pronounc: 
pansion due to structural change from austenite to martes 


troostite 
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When hardening temperatures of 1900 degrees Fahy 
ceeded the hardness falls off due to formation of a larger pri 
of austenite in the structure. Dimensional changes are mo 
nounced, particularly with the higher draws and this is a lik 


of tool breakage, especially with large sections. From a 





400 6500 G00 
Drawing Jemp., °F. 


Change Per Inch of Length with Various Heat Treatment 


standpoint, Steel 3 appears to develop an austenitic condition mor 
readily than Steel 2. In other words, Steel 2 appears a little more 
sluggish toward structural changes likely due to the higher vanadium 
content. 

Another series of tests were run to compare the distortion of 
Steel 3 when hardened by cooling in still air and when quenched in oi! 
Test pieces were machined to size 1.75 by .75 by 5.5 inches long. ‘They 
were then drilled on the center line for the insertion of 14-inch dowel 


pins. The dimension measured with micrometer calipers was outsic 


to outside of the dowel pins. The measurement was made betore an 


; 


after hardening and after each draw. All test pieces were preheated 


in an electric furnace to 1100 degrees Fahr. allowing about | 
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nm more 
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rtion ot 
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ore and 
reheated 
1 hour, 
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v were then transferred to the charcoal pack in a tube at 1850 de 


ees Fahr. allowing in each case 1.5 hours for the pieces to rise from 
(X) to 1850 degrees Fahr. Set | consisted of three similar test pieces, 
held respectively 20 minutes, one hour, and three hours at a 
inerature of 1850 degrees Fahr., removed and allowed to cool in 
air. Set 2 was handled in the same way, but after removing 
quenched in oil, After measurement the pieces were drawn in 
electric furnace for 2 hours each time—cumulative draws at 375, 
). 750 and 1000 degrees Kahr. checking the dimension after each 
lable VII gives the results. These results show that the distortion 
quenched in oil is considerably more than when cooled in still air, 
although the drawing treatments at 500 degrees Kahr. and above tend 


to reduce the difference somewhat. 


APPLICATIONS OF THESE STEELS 


Che applications to which these high carbon high chromium 
teels have been made are worthy of more than passing notice on 
account of their variety and the lower costs made possible through 
the high rate of production obtained. Their use for blanking and cold 
forming punches and dies is one of the most important. In lamina 
tion punches and dies they have given phenomenal runs as compared 
to straight carbon or manganese oil hardening steels on blanking light 
rage silicon sheets. By proper tool design they have been success 
tully used in punching steel plate up to '%4-inch thick. Very long 
runs have been obtained on cold trimmer dies in drop forge and bolt 
and nut plants. The lower carbon air-hardening type has also been 
used for the hot trimming of forgings. 

Steels 2 and 3 have given good results on shear blades and slitting 
cutters used on light-gage material such as sheet, tin plate and strip 
and even for shear blades on spring steel. Steel 2 has done well on 
cold forming rolls used on rim stock and seamless tubing, also on 
eamer rolls for steel barrels and other containers which applications 
require high resistance to abrasion and high compressive strength. 

Steel 2 finds considerable use for drawing dies on steel bars and 

ome extent for the drawing of stampings. On the former ap 
ication the steel is not used in the fully hardened condition. The 

-called punch dies are put in service in the semi hard condition and 
hen worn are peened on the reverse side, re-punched to size cold 


are ready for another run. Sectional dies are made up from 





TRANSACTIONS OF 


Nitrided Cases of the Three Steels After the 90-Hour Cyel 
ahr \ Nitrided Case otf Steel 1: B Nitrided Case ot Steel 2; ¢ 
ot Steel 3 \ll 00 1) Nitrided Case of Steel 3 Showing Peculiar 
ire Of Exterior Portion < 600 








RK a uinealed stock and put moservice without hardenme and re 
is done by tiling 


the three types have been used tor thread rolling dies on long 







4 ind particularly tor the larger sizes and coarser thread Very 
. : dies for fine threads are generally ot straight carbon or one ot 
i Y manganese oil hardening steels, Distortion is sometimes a problem 
ee the larger thread rolling dies and to get away trom this, the an 
Rene ening type like Steel 3 has been the most popular \nother pom 
Aas favor of itis that ma machines better than the higher carbon steel 
Sty las Steels | and 2 which means less wear on the threadine hob 
a cutting the threads the practice in some shops on steels of this type 
or to use a speed 30 per cent less than is used on high speed and 
, * nvanese oil-hardening steels. Steel 3 has given good production on 
“ Abe more diftheult thread rolling yobs such as on some of the S.A, | 
te loy and stainless steels 
steel 3 will take a deeper mitrided case than the other two a 
ise depth of O.OL2 to O.OTF inch may be expected following a 9O-hout 
triding cyel  3e€e hig S the other two steels run at the sam 
me developed a case only about one halt as deep. Steel 3 hardened 
the usual way, drawn at 1LOOO degrees lahr. and nitrided has been 
ed tor seamer rolls on light-gage material with a large merease in 
oduction over ligh carbon high chromium: steels hardened in the 
ual way llowever, it has not worked out uccesstully on heavy 
«k where much greater pressures are involved. ‘Vhis grade nitrided 
is also given much larger runs in certam dies used in the productior 
collapsible tubes, 
Minor appheations for these steels include burnishing dies, ar 
llers, mandrels, liners and dies for forming clay or porcelain, gave 
| certam kinds of broaches. About the only kinds of cuttine t 
vhere they are used to a limited extent are for bra and br 


mming and seating tools, 
CONCLUSION 


While at first thought it might appear that a single grade ot 
bon high chromium steel would be all that is necessary to 


carry as a regular grade, it 1s apparently impossible to 





with their varied requirements, Good production recor 
made by all three of the steels deseribed, but Oomde wall ou 
‘rade is better than another in resisting weat 
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steel 2 has proved a more popular grade than Steel | due las 
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to its better resistance to shock, other qualities being much th 
Steel 3 with its an hardening property, low distortion and 
machining quality than the others 1s mi good demand, althou; 
claim Steel 2 to be somewhat better as to resistance to abrasion 
ing into account all factors, Steel 3 appears to be the most uniy 


adaptable of the three high carbon Ingh chromium steels, 
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The information given in this excellent paper is of primary interest to the 


Discussion: By John E. kerb, General Electric Co., Schenectady 






tool designer. It represents just about the minimum which ought to be tur 






nished him by the steel manufacturer tor every brand of steel for dies. In tact 


it would not be going too far to ask tor data on the effect of section on the 






properties mentioned 
the results of tests and observations we have made agree in general with 


those of Mr. Wills. However, above all else it must be emphasized that data 










of this nature apply only to materials of specific composition melted and manu 
factured by a particular method. Attempts to apply such data to steels ol 
slightly different composition, or even of the same analysis but differently mad 
will often be found impractical if not misleading. 

Krom the consumer's standpoint it would be quite desirable if all requir 
ments could be met with a single steel of this type. Unfortunately this desire 
has not been realized so far. This is mainly because of the complexity ot th 
problem and the difficulty of evaluating the results of service tests. So lar a 


our observations go, it appears that the higher carbon variety is best tor high 
production lamination dies for shearing thin silicon sheet. For drawing and 
forming dies and for porcelain insulator molds and certain types of extruding 


dies for clay products, the advantage seems to lie with certain brands ol the 


lower carbon grade However, the results are somewhat contradictory and 
rib] 


definite conclusions may not be drawn at this time. We have had tr 
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both classes when used for shearing '4 to dy-inch plate stock Phis trouble 
e extent may be due to carburization of the surtace during pack hardening 
Referring to Tables | and Il, | would lke to ask Mr, Walls whether the 
mens were ground previous to the determination otf hardness and impact 
i \lso, were the impact specimens subjected to hardness tests and, if 
what were the results ln a published report of this nature, | also teel that 
vidual values as well as AVCTFARCS should be mcluded 
On the whole this report will prove most helptul to the tool steel con 
ers and L can only express the hope that more otf a simular type wall be 
rrhncomiy 
Written Discussion: by J. Scheid, Jv, Columbia “Vool Steel Co., 
wo Heights, [linots 
We are very glad to note that Mr. Walls has given considerable thought to 
t we consider a most interesting field, namely, high carbon-high chromium 
teels Mr. Wills has obviously done some caretul work and has pointed 
ome important points m connection with the handling of this type of ferrous 
terial 
It has been our thought that steels of the high carbon-high chromium type 
we worthy of more consideration than has been given them There 1s some 
itaney to further utilize steel of this type because of first cost and the some 
what increased diftheulty of machining, “The ability of these steels to develop 
iwh hardness values on air or oil quenching, with considerable retained hard 
values up to 900 degrees Fahr. (480 degrees Cent.) on tempering, and their 
ndelorming properties and high resistance to abrasion, make them particularly 
isetul for a wide variety of applications 
lt is to be regretted that Mr. Wills confined his experiments to three com 
ition With some thirty-seven different steels of almost as many different 
inalyses offered by American manutacturers, a wider consideration 1s neces 
iry to indicate the potential physical values of the high carbon-high chromium 
proup 
This is particularly true of his impact tests. The values published are very 
nteresting. ‘The high impact values of steel #3 are due to the decreased car 
on content, this decrease im carbon materially reducing the abrasion resistance 
the steel. However, further impact values with variation of quenching tem 
perature and time at the quenching temperature are necessary if the impact 
test is to be utilized as a means of judging the desirability of composition 
ln many cases we concur with Mr, Wills, particularly on the fact that the 
traght chromium type, or a steel with only one modifying element, such as 
kel, has a very limited field of application and usefulness and that it takes 
vided counterbalancing alloys to fully develop the major characteristics of the 
eh carbon and high chromium combination. 
Our experience has led us to decide also that one composition can give as 
xl results by either oil or air hardening. Our work led us away from the 
imadium or yvanadium-molybdenum combination to a tungsten-silicon alloy. 
We cannot quite agree with Mr. Wills’ results in regard to the heat treat 
ent, particularly in regard to the hardening temperatures. It would appear 
it with the proper combination of time and temperature a slightly lowe1 


enching temperature is desirable and necessary to develop the best physical 
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accounts tor different results that we hay: 
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pet 


plate steel known a 


cneimecrs, 


Wuilar materials as indieated in Fig. S on page 478 of Mr. Wills’ pia 
heat treatment difference also probably accounts tor the different 
regard to the impact properties as shown im “Table I 

Phese are minor differences only and we offer them for their ec 
value in the hope that they will ard Mr. Walls in bis further studies of ¢ 
esting material 

Written Discussion: Ly Jolin Lyman Cox, The Midvale Compat 
delphia 

In tus valuable paper Mr. Walls has covered the manutacturs 
carbon-ligh chromium tool steel and given much mtormation on the 4 
of three varieties ot these special steels which are proving useful in 1 
dustrac It will be interesting to trace the development of this mate: 

Phe first idea ot high carbon-high chromium tool steels was prob 
to the late Po OR. Kuehnrich, of Darwin and Milner, Shetheld.  Intereste: 
manuiacture ot hivh gerade tik im I895 he was given in Germany a 
pertor steel whieh contamed y per cent chromium, about the tie 
rustle was using im armor preremg shells Although Kuehnrich thou 


cent, chromium 


Darwin 


best results toward the 


al 


Phen im 1903) Kuehnrich decided to go up high in chromium, melting 
ot heats 


uy 


yrade known as 


a shop im the rue St 


scent 


ul Male 


cent chromium as files and m other 


' 


4 per cent chromium, and carbon about | 


per end 


Neor 


y per cent, and chromium 18 to 20 per cent 


Mau 


to Pari 


cont 
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a remarkable steel high m= chromnu 


at with carbon 2.5 4 
de and tried out in 
at carbon 2.5 per ¢ 


per cent, chromium 1S to 20 per cent 


these experiments it developed that 


much 


tools 


better rest 


with lower 


its im 


carbon 


his 


Was 


er 
its 


ent, 


low 


analyses, with somewhat less distortion of pieces upon hardening 
tests, 


an 


\ more nearly normal comparison is shown in the second group below 


ent, 


machine 


chromium 


er carbon 


In One 


extrem 


lurther research resulted in the Furness-Patch patent 1,200,902 


CT 


rourhing tools with high carbon lasted one minute, as compared w 


Thus in 1908 Midvale began experime: 
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lathe tools than did the ear! 


ot casting dies trom this material bought trom Darw 
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which application was made in 1915S and which issued in 1916, covering carb 
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SCUSSION CHROMIUM-CARNRBON ()()] ’ JN! 
Carbon Chromium Late ot Pool 
35 15.0 L ruvirvurte 
0.82 17.0 SS manus 
» 32 lS 15 53 seconds 
baa 19.0 d rnviniiite 


| pite of the superior results obtamed imi such tools 


has 


with muxlerate car 


proved commercially desirably to keep it much higher as a precaution 


t the production of a softer skin through surtace deearburization by un 


hardenimyg 
ly view of their fine performance as lathe tools, it .1 
+ these steels have not come mto more general machine 
ual to high speed steel im cutting speed, them aver 
four times that of carbon steel. One reason tor then 
ly higher price; another, perhaps, is the considerably gre 


from them. Neither should be a sutherent bar to the 


somewhat surprising 
shop Lise \Ithough 
ave hte as probably 


slow spread is then 


ater labor of makiany 


IVomore peneral usc 


\s Mr. Wills has given no figures for the coetherent of expansion on heat 


i such steels, the following data’ may be ot us« 


\nalvsis of Material Vested 


Carbon 1.78 
Manganese 9 
Silicon 4 
Chromium 18.28 
he 
: 

Pemperature C octherent 
lreatment Range ot loxpansion 
lot] “inealed at 1025" F. CR&8&S" ©.) R5. 4(K)° | SOx. 10° 
Dan &5- 800 8 

' 85-1200 6.0 
RS 1450 OS 
» 100- SOO 6.4 
if 800-1200 71 
Darwi 1200-1450 7.6 
ati hor Ouenched in oil at ISSO |: C1OL0 ( ) Drawn 
omiun ; at BOO” F. (427° C.) 18 72 6 66 
riment Ik- 206 O86 
romun | \Ithough not so hard mineralogically as straight high carbon tool steel 


e wear resistance ot high carbon-high chromium steel 1 


much greater (ey 


— § forming dies of carbon tool steel, worn out after JO000 to 4000 draws, were 
Ne, \ laced by high carbon-high chromium which remained in perfect condition 
carbot ter 75,000 draws. For drawing copper wire a steel of carbon 180 per cent 

muum 12 to 14 per cent, may be used in the annealed state bor drawimy 
On and t steel it is air-hardened from about 1500 degrees Fahr. (850 degrees Cent. ) 
Carin medium hard steel it is air-hardened from about 1650 degrees ahr, (900 
: gasper rees Cent, ) In all these cases the die can be resized by cold peching and 
cd wit thing kor very hard steel the plate is oil-hardened from about 1650 de 
—— ahr. (900 degrees Cent.) or somewhat higher, in which case cold resizing 


it be done 


\" ’ 
lidvale Research Laboratory determinations 































































































































































































TRANSACTIONS OF THE 
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heir high resistance to wear reduces the machinability of thes 
Brinell hardness should not exceed 240 or much difficulty may be met 
little tungsten, 0.55 per cent with carbon 1.75 per cent and chromiu 
cent, is enough to keep the Brinell permanently above 260. The 

may be produced by a combination ot maximum carbon and high chy 

Considering the wide range of application of these steels, it j 
that they will come ultimately into much more general use than at pre 

Written Discussion: By A. H. d’Arcambal, Pratt and W] 
Hlarttord, Conn 

This splendid practical paper by Mr. Wills should be of interest 
of our members due to the increased usage ol these high carbon high « 
tool steels during the past tew years. 

My first experience with this material was some eight years agi 
company introduced cylindrical plug gages made of 2.25 per cent « 
per cent chromium steel similar to the author’s Steel #1. These gag: 
to be very much superior to ordinary tool steel gages in regard | 
resistance, as well as outwearing gages made of alloy tool steels and hj 
steel \t a later date we introduced chromium plated cylindrical plu 
these chromium plated gages proving to be very much superior to th 
carbon-high chromium gages in regard to wear resistance. This r¢ 


discontinuing the high carbon-high chromium steel cylindrical plug gag 


Our experience with two of the types covered by the author, namel tec 
ea and Steel # 3. has resulted in our adopting the Steel #3 type tor certan 
products of our manufacture. This lower carbon, chromium-molybdenum 


vanadium type is easier to machine than the higher carbon, high chromium 
type, hardens just as satisfactorily at a shghtly higher heat and we wer 
pleased to note from Mr. Wills’ paper, is considerably tougher than the original 
high carbon-high chromium. grade. 

We pack-harden parts made of the Steel #3 type, using a temperature of 
1800 degrees Kahr. (980 degrees Cent.), soaking at temperature for at least 
two hours. We prefer oil quenching to air cooling due not only to the slightly 
higher Rockwell hardness obtained in the as-quenched condition, but also the tact 
that air-cooled parts have a slight amount of decarburized surface, the oil 
quenched specimens being file hard on the surface. We do not recommend at 
1850-degree Kahr. (1010 degree Cent.) pack hardening heat for parts made ot 
this #3 type for at times considerable austenite is developed if this tempera 
ture is very slightly exceeded, an undesirable structure m= our opinion. — In 
lable V, the author states that the structure of Steel 3 given the 1850-degres 
Kahr. (1010 degree Cent.) treatment is mostly austenitic. Considering that the 
Rockwell hardness of the as-quenched specimens is C 65, it is our opimon that 
only a small amount of austenite is present. 

Specimens of the #3 type heated in the electric Globar furnace wit! 
atmospheric control at 1850 degrees Fahr. (1010 degrees Cent.), and proper!) 
soaked, were quite heavily decarburized whether oil-quenched or air-cooled 
the surface Rockwell hardness being only C 56-57 and easily filed. Removing 
0.010 inch from the surface resulted in Rockwell readings of C 64-65 on both 
the oil-quenched and air-cooled specimens. The test pieces used measured 
inch diameter by 4 inches long. 
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DISCUSSITON—CHROMIUM-CARBON TOOL STEELS 19] 


\ satisfactory fracture is obtained on Type #3 steel whether quenched 
1800 or 1850 degrees Kahr. (980-1010 degrees Cent.) Phis chromium 
idenum-vanadium type of steel has a finer, more velvety tracture than the 


funy 
Vp 


\Ve would appreciate Mr. Wills’ answering the following questions 


1 What method was used for hardening the various specimens 
> Toes the vanadium content in Steel #2 have a considerable effect on 
impact properties : 
3. Would you expect as high impact values on Steel #3 ol-quenched as 
re obtained on the air-cooled test pieces : 
{ What were the Rockwell hardness readings on all test specimens used 


5. Would fairly large masses of the steel #3 type properly harden im ar 


We hope that the author will continue with his interesting and valuable 


<periments with these high carbon, high chromium tool steels, publishing the 


lata at a later date. 


Oral Discussion 


NI. Srorz:" I believe Mr. Wills made the statement that in working these 
of steels the best results were always obtained by annealing betore forging 
While this is likely true under present conditions of mill operations, | would 
like to state that our best forging practice has always been obtained, where pos 
ible. charged from the molds at about 1500 degrees Kahr into a furnace heat at 
the same temperature to allow the forging temperature to slowly be raised trom 
that point, rather than by annealing. It is not always possible to do that because 

commercial conditions at the present time, but where possible L think that 
point is strongly in favor of the ease of working this type of material on the 
hammer particularly. 

S. Epstein :* Mr. Wills states in the paper that it is possible to harden 
these steels by quenching from a high hardening temperature and get a com 
pletely austenitic structure, and then draw back, but that treatment is not ad 
visable for this type of steel, with which [I agree. I have in mind a very similat 
ype of steel containing 2 per cent of nickel in addition to the chromium and the 
carbon, where you get an austenitic structure as cast. Ina case like that, 1f you 
wanted to harden the steel, would it be more advisable to merely draw the “as 
cast” steel, or would you heat it up, quench it and then draw it back : 

R. M. Sanpperc:” In experimenting with high carbon-high chromium 
teel our results were similar to those found by Mr. d’Arcambal. ‘That is, at a 
higher quenching temperature an austenitic condition is produced and in subse 
uent tempering the volumetric changes are seriously affected, but if the proper 

irdening temperature is used, which is usually found to be somewhat below 
he temperature where this austenitic condition is formed, we can, on subse 
ent tempering, return the material to its original volume as found by Mr. 
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reambal Most people when first starting to use this type of { 
he impression that it had an abnormally wide hardening rang 
vor o has gone into the heat treatment fundamentally has qu; 
that thi is not the case but that 1t 1s best to follow the fixed ru 
heat treatment with this material the same as you do with any ot 


technical product of the terrous group 


Author’s Closure 


Regarding Mr. Scheid’s discussion, he brings up the point that 
have been desirable to have had the tests on physical properties 
than the three compositions dealt with. While we agree on this, the 
tests were limited to these three only as these are the main ones we 
coneerned with from a manutacturing standpoint 

Hle also mentions that further impact values should be included 
tion of hardening temperature and time. A more complete study of t! 
could readily include this, for, like high speed steels, the hardening 1 
high carbon-high chromium steels 1s wide and a comprehensive 1 
hould include the determination of the various physical properti 
series of hardening temperatures each tollowed by a similar. set of 
treatments 

Mr. Scheid refers to their finding a tungsten-silicon alloy supers 
vanadium and vanadium-molybdenum combinations as an oil or air | 
‘tecl. We would be interested to know in what respects it has shown 
and the approximate composition 

He finally states that a lower hardening temperature on these stee! 
develop best physical properties. While in general the lowest harden 
perature that will develop maximum hardness should be used, our rath 
sive experience has indicated a hardening range of 1650 to 1750 degre 
for the straight chromium type (#1) and 1750 to 1850 degrees Fah 
others (#2 and #3). We do not see how they could be much lowe: 
an extremely long soaking time is used The tendency in many ca 
shorten the time or underheat 


Mr. Cox’s remarks regarding the history of high carbon-high chi 


steels are timely and interesting It does seem strange that these steel 


not used more tor cutting tools, but im the past the high price and ma 


ability have favored the use of high speed steel With the lower pric 
prevailing and the increased cost of high speed steel, the field of usetuln 
high carbon-high chromium steels should be broadened 

Mr. Stotz mentioned a practice at their mill of taking ingots hot 
the melting department (as about 1500 degrees Fahr.) and charging them 1 
the heating furnace at about the same temperature. ‘This is a good method 
from the standpoint of economy It is more expensive to anneal the ing 
betore cogging, but unless the schedule is such that it can be followed 
promptly it 1s quite difhcult to do otherwise than anneal, preheat, and charg: 
the heating turnace 

Mr. k-pstein asked a question about a high carbon-high chromium 


with 2 per cent mickel which has an austenitic structure as cast. He im 








desired to harden the steel as cast, whether it would be better to merely 
steel a draw or would you bring up to the hardening temperature 
wind draw back 

reply to this, it would be the best practice to give the castings a thoroug! 
They can then be brought up to the hardening temperature, quenched 


btain a largely martensitic structure and then given a low temperature 


arding paragraph 3 of Mr. lerb’s discussion, we are pleased to not 
e as a user of these steels agrees that 1t would be desirable if all requirs 

uld be met with a single steel ot this type, but that due to the variety 
ications that have to be covered, more than one steel is required 
\nswering Mr. Erb’s questions m paragraph 4, the test specimens were 


sufficient to clean up the surtace previous to the determination of hard 


d impact values The unpact test specimens were checked for hardne 
‘h this was not given in the table. These as well as the hardness value 
thy, the compressive strength and expansion series are listed below 
Ss Impact Values 
é . Lemy Steel 2 1 Steel pes teel ZX 
bah Rockwell ¢ kt.-Lb Rockwell ¢ It 1] Rockwell ¢ ht 1) 
ot +f Ob 4) o ) 
63 x0) ol oOo oy} 60 
ol ol | o 
| 
] 6.1 c | } 
| 1O.4 
' } 0 l 
l 2 0 | Ooo 0 j 
j a +6 1k 0 ( ) 
te 
er Ultimate Compressive Strength 
th | 
tteel #1 Steel tee] 
re lemy Lbs. pet Ll per | je 
hs bala Rockwell ¢ yg In Rockwell ¢ SY In Rockwell ‘ In 
Th 
oo. tI 500 63.5 j Ov . 10) 
wit ot 40.60 oU 5 ‘BYU PSU ou od ‘“) 
ca ‘ , $02,125 v 0 ) »OOU 
chromiun Expansion 
steel at Steel I | ‘ Steel TT tecl Z 
Acs. ne Temy Per Per Per 
a ma hahy Rockwell ( lin. In Rockwell © Lin. Rockwell Co Lain. In 
prices NOW oched 66.0 OOORS 67.0 OOT42 66 OOO 
tune ' tO0) 62 OO06S3 64.0 OOTLO ( () aOooSsa 
: ol. OOOO b Ooo) 
) 60.0 OOUGb! 
f iE ov oOoos oOlLo Oooo 
s ho on 6.0 OOOTS 
y them mt 0.0 OOO SO 10) OO042 1) OOO50 
od method 
the ingots Mr. D’Arcambal inquires in question #1 as to the method of hardening 
lowed out hardening and impact tests were run open fire Celectri mutile furnace ) 
d charge it ing up slowly to temperature and allowing about '> hour at temperature 
+] . 
the former and ten minutes at temperature for the impact tests Phe com 


mium ion and expansion tests were pack hardened allowing about | hour at tem 


Maree ~ 


oe ie " : ture before quenching 
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Answering his question #2, the vandium content of Steel #2 r 
material increase in mnpact propertics over Steel # 

As to question #3, we would not expect any great differenc 
value between Steel #3 oil quenched and when cooled in air, althoug! 
not checked this by actual test 

Question #4 is covered in the above table covering one of Mr. | 


tions 

Replying to question #5, we checked the hardness on air-hard 
pieces running from about 1 pound to 25 pounds in connection with tl 
shown in Fig. 1, and found that even with these larger pieces that on | 
the hardness ran Rockwell C 62 to 64, although we did not check the n 
the flat faces. For the average tool purpose it is sate to assume that fai: 


+ 


masses of #3 Steel will develop satisfactory hardness when cooled in 


this, of course, dependent on holding the proper time at the hardening 


ature and avoiding excessive scaling that tends to retard the air cooling 





»OLONGED TEMPERING AT 100 DEGREES CENT. AND 
\GING AT ROOM TEMPERATURE OF 0.8 PER CENT 
CARBON STEEL 


By G. A. ELLINGER AND R. LL... SANFORD 


4 lbstrac l 


Phe investigation described in this paper is a furthe 
application of the use of thermomagnetic analysis as an 
aid in metallographic research. Changes taking place 
vithin hardened steel during aging are of small magni 
tude and difficult to determine by the usual methods. 
Phermomagnetic analysis has been successfully applied to 
show the effect on hardened steel of prolonged low tem 
perature tempering and of aging for long periods of 

Observations are gtven which appear to support 
the following conclusions 

!. Martensite is apparently unstable but tends toward 
stability upon the application of heat or upon aging 
Liguid air cooling after quenching has an appreciable ef 
fect in accelerating stabilization. 

Retamed austenite in hardened steel is not affected 
hy tempering but it decreases materially in amount upon 
aging. 

%. Tempering causes no change in the rate of forma 
tion of cementite, while aging apparently greatly im 
creases the time of its formation. 


INTRODUCTION 


] Na previous paper! there were pointed out some of the advantages 


and possibilities of thermomagnetic analysis as a method of study 

F constitutional changes occurring during the tempering of quenched 
tee! It was possible by this method to follow the progress of the 
transformations while they were occurring and some new evidence as 


their nature was obtained. The method has been used in the 


(i. A. Ellinger, ““Thermomagnetic Investigation of Tempering of Quenched 0.75 Pet 
t Carbon Steel,” Bureau of Standards Journal of Research, Vol. 7, 1931, p. 441; RP 350; 
R. L. Sanford and G. A. Ellinger, ‘‘Vhermomagnetic Phenomena in Steel,” Tran 
American Society for Steel Treating, Vol. 20, 1932, p. 263 
Publication approved by The Director of the National Bureau of Standards of the 
ted States Department of Commerce 


\ paper presented before the Sixteenth Annual Convention of the Society 
in New York City, October 1 to 5, 1934. Of the authors G. A. Ellineet 
istant metallurgist, and R. L. Sanford is physicist, National Bureau of 


ndards, Washington, D. C. Manuscript received June 29, 1934 


495 





Table | 


Ireatment of Specimens After Quenching from 825 Degrees Cent. | 
Water at 20 Degrees Cent. 


Treatment 


it 100 degrees Cent 
it 100 degrees Cent 
it 100 degrees Cent 
it 100 dewrees Cent 


at 100 degrees Cent 
empered 1500 hours at 100 deyrees Cent., : 
ipproximate range 0-35 degrees Cent.) 
wed 2 yeat it room temperature 
woled hours in liquid air ( 190 degrees Cent.) 
| hout in liquid air, tempered 1500 hour 


ft 


oom temperature 


present investigation to study the aging at room = temperat 
(PUL TL hed high carbon steel and the effect of prolonged heatin 


devrees Cent 
MATERIAL AND Metiops 


(Cylindrical specimens 1O centimeters im length and 5 milli 


in chameter were prepared from basic open-hearth steel of the 


lowing composition 


Per Cent 
Carbon 0.78 
Manganese 0.56 
Phosphorus 0.020 
Sulphur 0.031 
Silicon 0.11 
(Chromium 0.06 
Nickel ; 0.05 
Copper ; 0.06 


\fter normalizing, the specimens were heated in a lead bat! 
maintamed at a temperature of 825 degrees Cent. (1515 degre 
ahr.) and then quenched in water at 20 degrees Cent. In order to 
obtain uniform action during quenching, four specimens were heat 
and quenched together in a small jig, so designed as to allow tree cu 


culation of water around each specimen. After quenching, some 0! 


the specimens were immersed in liquid air for a period of 2% hour 


Details of the treatment of each specimen are given in Table I. 

\s an aid in conciseness and brevity specimens held 1500 hv 
at 100 degrees Cent. are designated as “tempered” and those kept 
room temperature (an approximate extreme range of O-35 degre 


Cent.) for 2 years as “aged.” In addition to the thermomagnet« 
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which was carried out with a slightly modified form of the 
tus previously described? the microstructure was examined and 
ardness was determined on auxiliary specimens, notched before 
treatment so that small pieces could be broken off when desired 
the course of the treatment. “The hardness was determined 


4 Vickers hardness tester. 


(OBSERVATIONS AND RESULT: 


In carrying out the thermomagnetic analysis the specimens were 
ected to a constant applied magnetizing force of 277 oersted 
dimensional ratio of the specimen was such as to bring the mag 
ation always into the third stage. “The uncertainties usually en 
untered when the magnetization is in the unstable second. stage, 
resented by the steep part of the B-H curve were thus avoided 
lwo methods of procedure were used. In the first method, the 
ecimen was heated at a uniform rate of approximately 1.5 degree 
ent. per minute and the degree of magnetization noted at suitable 
ntervals In the second method, the procedure consisted in heating a 


ecimen to a definite temperature and holding it at that temperature 


ntil the magnetization reached a constant value his was done at 


peratures of 200, 235 and 300 degrees Cent., (390, 455, 
ahr.) with several runs at 400 degrees Cent 
} 
lig. | shows the results obtained by the first method, that 
uninterrupted heating to 300 degrees Cent. of specimens quenched 
tempered at 100 degrees Cent. for various periods up to 
Che magnetization increased with temperature to a maxi 
vhich occurred at 280 degrees Cent. (535 degrees Kahr 
reased with increasing temperature. The maximum 
order to progressively by tempering at 100 degrees Cent., the cl 
| st marked in the early part of the tempering pert 
crease In magnetization took place at higher ar 
res as the tempering period was increased 
lig. 2 illustrates the change in hardness 
ed, The part of the curves corresponding to 1 
periods Is indicated by dotted lines, as the t: 


mewhat uncertain. Several investigators | 


Cherm magnet 


hnagnety 
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crease in hardness for quenched specimens tempered for short 
of time at 100 degrees Cent. In this investigation, no hard 
terminations were made on specimens tempered for less than 
at which time the hardness was appreciably lower than that 
quenched material 

lig, 3.is typical of the results of thermomagnetic analy 


the second procedure given above was followed. Here are shi 
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L 
300 


TEMPERATURE DEGREES CENTIGRADE 


ripe | Kifect of Prolonged Tempering at 100 Degrees Cent 
Upon Magnetization Details of treatment of each specimen Ciumber 
il, 2, 3, 4 and 5) are given in Table 1 


changes im magnetization which took place upon heating to, holding 
at, and cooling from a predetermined temperature. ‘The magnitude 
of the changes observed upon holding at a constant temperature and 
the time required lor the changes to be completed depended upon thi 
treatment to which the various specimens had previously been sub 
jected. All of the other curves were substantially similar in form to 
those shown 

In this procedure a progressive increase in magnetization took 
place immediately upon heating, the rate of increase depending upon 


the rate of heating. Upon holding at 200 degrees Cent. the mag 
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ation continued to increase over a period of several hours, atter 


, no further merease was noted (dn cooling to room temper 


ee little, if any, change in magnetization was observed. 
Li pon reheating, no appreciable change im magnetization wa 
ced until the temperature was approximately 230 degrees Cent. (445 


rees” ahr.) Qn holding at 235 degrees Cent. (455) degrees 


| 


QUENCHED IN WATER, 


? 


\ 
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Effect of Prolonged Tempering at 100) Degree por Ebadi 


ul increase Im magnetization was observed, which continued 


No turther change took place upon 
a pro 


alt } 
lor approximately 40 minutes, 
holding for an hour but in cooling to room temperature, 


ressive imerease m magnetization was again observed 
on reheating to 300 degrees Cent. (570 degrees ahr.) a grad 


decrease in magnetization took place, which con 


holding al progressive 

griituce tinued tor some time as that temperature was maimtaimed constant. 
ure and aon) cooling, a pronounced Ag transformation was observed which 
pon thi ndicated the presence of cementite Specimens reheated to 400 
en sul egrees Cent. (750 degrees ahr.) revealed, in no case, any further 
form to inge In magnetization as the specimen was held at that temper 

ure 
m took rom this type of curve were derived the data shown graph 


y upon lly in big. 4, in which the total changes in magnetization at each 
e mag these temperatures are plotted on a percentage basis. The value 
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for 200 degrees Cent. (390 degrees Fahr.) was the tot; 
upon heating to and holding at that temperature. The valu 
for the other temperatures were the changes that took 
during the time the temperature was held constant. 

The increases in magnetization occurring at 200 deer 
(390 degrees Kahr.) show several features. ‘The maximum 


occurred in freshly quenched specimens (No. 6) while the ef 
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100 200 300 
TEMPERATURE - DEGREES CENTIGRADE 


big Typical Thermomagnetic Curve Showing Change 
Magnetization in Quenched Steel 
\—Maximum Temperature 200 Degrees Cent 
Bh——Maximum ‘Temperature 235 Degrees Cent 
( Maximum ‘Temperature {00 Deywrees Cent 


somewhat less in specimens aged for 2 years (No. 9). ‘Temper 


specimens (No. 7) and those tempered and aged (No. 8) shovy 
the least increase, both having practically the same value 
treatment with liquid air the increase in magnetization after te 
pering and aging (No. 11) was the same as that observed in 
diately after the liquid air treatment (No. 10). 

The inerease in magnetization observed upon holding the 


»2C 


mens at 235 degrees Cent. (455 degrees Fahr.) was affected 


neither the simple liquid air treatment (No, 10) nor tempering 
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\eine for 2 vears (Nos. &, 9 and IL), on the other hand, very 
reduced the change. 


Ih) 
11¢ 


tained at 300 degrees Cent. (570 degrees ahr.) was apparently 


S 
| 


decrease in magnetization occurring when a specimen wa 


9 
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, fected very little by tempering (No. 7) but aging (Nos. 8, 9 and 11) 
ted by 7 we 
ct fluenced this change materially. The maximum change was noted 


the aged specimens regardless of previous treatment. lig. 5 shows 
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the differences in time required tor the changes occurring at 
grees Cent. (570 degrees Fahr.) to be completed. Specimen 
years at room temperature (Nos. 8 and 9) required more th; 
as long for completion of the change as did the freshly q 
specimens (No. 6). In both cases the liquid air treatment | 
and 11) increased the time required. 

\ study of the microstructure of the quenched and te 


specimens was made ‘Typical structures are shown in Figs. | 


inclusive. ‘Che martensite needles showed a progressive darke 


time of tempering increased and a gradual breaking down, 
larly in the latter stages, until after 1500 hours it was. diffi 


reveal structural details with any degree of sharpness. 


LISCUSSION 


Irom the results it 1s evident that, even at room temperatu 
quenched steel undergoes progressive changes, the magnitud 
which is determined by preliminary treatment such as cooling 
liquid air or heating for prolonged periods at LOO degrees Cent. It 
is apparent further, that the effect of these changes differs from th 
“ave hardening” phenomena in other metals, but rather is a soften 
ing eltect 

In considering the changes at 200 degrees Cent. (390 degre 
lahr.), it was observed that the maximum increase in magnetization 
occurred in treshly quenched specimens and was least in tempered 
specimens. These changes have previously® been attributed to. thi 
gradual release of stresses induced by quenching. 

lt is known from the results of other investigators that mat 
tensite 1s in a highly stressed state, the stresses being so high as to 
convert the normal cubic lattice of alpha iron into a pseudo-tetragonal 
form. Furthermore, martensite is in the state of a supersaturated 
solid solution, such solution being forced by the extremely rapid 
cooling with no chance for the precipitation of carbon and the tor- 
mation of cementite. 

Low temperature tempering or sufficiently long aging periods 
are believed to relieve these stresses materially through the 
ual precipitation of carbon, either as atomic carbon or some con- 
stituent other than cementite. The lattice then assumes more nearly 
its cubic dimensions with a resultant decrease in hardness.  Like- 
wise, the stability of the tempered or aged martensite is increased. 


'G. A. Ellinger, loc. cit 
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Phe effect of cooling specimens im liquid air is 
nounced Che magnitude of the change at 200 degrees (, 
affected by neither tempering nor aging, which indicates 
significant change took place in the martensite. Greate: 
must have been induced by cooling in liquid air than in water 


ing and certain of these stresses must have been releas 





Fig Structure of Specimen After Tempering 1500 Hours at 100 
1500 


subsequently warming to room temperature. This release must hav: 
heen of considerable magnitude as evidenced by the diminished in 
crease of magnetization at 200 degrees Cent. (390 degrees Falir. ) 
lhe effect of liquid air treatment, not unlike that of tempering, ap 
pears to be one of stabilization of martensite. This is further in 
dicated by the fact that tempering and aging apparently have no 
effect upon the magnitude of the magnetic change at this temper 
ature. 

Small amounts of austenite usually exist in freshly quenched 
steel. This constituent is unstable, being forcibly detained in the 


undercooled state and will transform to stable phases as soon as 


permitted. That such was the case is supported by the data. The 


freshly quenched steel evidently contained an appreciable amount 
of austenite which decomposed upon heating to 235 degrees Cent 


(455 degrees Fahr.). Even after tempering there was little or no 
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1) the amount of austenite present, but atter aging fot 
this amount was reduced materially hose specimens which, 
freshly quenched condition, showed the presence of austenite 

sed somewhat in magnetization upon cooling from 235 degre 

Che nature of the curves, lig. 3, suggests that a small amount 

mentite was formed at this point, most of which probably canny 

the decomposition of austenite. 

lhe decrease in magnetization taking place at 300 degrees Cent 
degrees Kahr.) is attributed to the formation of cementit 
the combination of carbon precipitated from martensite with alpha 

\s this took place above the A, transformation temperature 

cementite (normally considered as 215 degrees Cent.), that por 
of alpha iron which combines with carbon is rendered imettes 
magnetically with a resultant net reduction in the total mag 
tization. A hypothesis was set up previously,* mdicating that im 
range from 235 to 300 degrees Cent. (570 degrees Kahr.) atoms 
carbon precipitated from the supersaturated martensite solution 
wuld unite with atoms of iron to form cementite 
empering or cooling in liquid air apparently had little etteet 
on the magnitude of the changes taking place at 300 degrees Cent 
n the other hand, aging for a considerable period of time produced 
noticeable effect. The magnitude of the change and its duration 
ere materially mereased. 
lhe evidence points to a more rapid formation of cementite 
m the decomposition products of freshly quenched martensite 


ust hav 7 . = ; 
om han from those of aged martensite. The amount of carbide formed 


shed in lepends upon the amount of carbon in the steel and should be the 
Kah } 
Ty 0 


for a given percentage of carbon regardless of its form \ 


ring, ap , ; 
yy A] ain amount was formed while heating to 300 degrees Cent 


cl and 
‘ther i remainder while holding at that temperature. The intensity 


have no ud duration of the change at 300 degrees Cent. was greater in aged 


rempes in freshly quenched specimens. This leads to the belief that 
aged specimens less carbide was formed in the range between 


juenched and 300 degrees Cent. than while holding at 300 degrees Cent 


in the 7 : be 
lin t ie Im unaged specimens most of the carbide is formed 


| between 
SOOTL as and 300 degrees Cent. 


fa. The 


amount 


‘The sluggishness indicates the YOSSI 
ge | 


that carbon atoms are in less favorable position to unite with 


atoms atter aging and require considerably more time for the 


s Cem tion to take place. 


\. Ellinger, loc. cit 
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SUMMARY 


Thermomagnetic analysis has been applied to the stud 
per cent carbon steel quenched in water and subsequently 
1500 hours at 100 degrees Cent. and aged at room temper; 
Lo 35 degrees Cent.) over longer periods of time, Some qj 


specimens were cooled in liquid air for 2% hours and subs 


tempered and aged. Changes took place during heating 
specimens as follows: 

1. An increase in magnetization occurred during the 
of the material and while it was held at 200 degrees Cent 
degrees Fahr.) the magnitude of which in quenched specime: 
appreciably affected by previous tempering, aging, and coolin 
liquid air. ‘Tempering and aging had no effect on specimens previ- 
ously cooled in liquid air. 

2. An increase in magnetization occurred in specimens held 
at 235 degrees Cent. (455 degrees Fahr.), which was not app 
ciably changed by previous tempering or liquid air treatment 
was materially changed by aging. 

3. A decrease in magnetization was observed in specimens 
held at 300 degrees Cent. (570 degrees Fahr.), which was changed 
appreciably in both magnitude and duration by previous aging 

The explanations offered for the behavior of this material afte: 
tempering and aging, based upon observations of changes taking 
place at various temperatures, are as follows: 

The carbon of martensite is gradually precipitated both atte: 
prolonged tempering at 100 degrees Cent. and after aging, so that 
the more stable cubic form results. Martensite is also changed by 
cooling in liquid air but is not further changed by either temper 
ing or aging. 

The small amount of austenite retained in O.8 per cent carbon 
steel after quenching is not affected by tempering but is decreased 
materially by aging. Liquid air treatment has no apparent effect 
upon this retained austenite. 


Between 235 and 300 degrees Cent. (455-570 degrees Fahr.), 
5 Ss 


in what is believed to be the cementite formation range, previous 


tempering causes no observable difference in magnitude or time 
Aging, on the other hand, increases both magnitude and time of the 
reaction. 
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DISCUSSION 


Written Discussion: By R. H. Harrington, General Electric Research 
horatories, Schenectady, N. Y. 

fhermomagnetic analysis is a relatively uncommon tool of research in 
tallurey. ‘Therefore this report of a research employing this tool is of great 
rest and value to the science of metallurgy. 

lhere is still a wide diversity of opinion as to the condition of the carbon 
olution in austenite and in freshly quenched martensite. The results of this 

research indicate a strengthening of the belief that carbon exists in atomic 
lution in the gamma iron lattice of austenite, and that the tetragonal torm ot 
irtensite may involve an atomic precipitation of carbon. 

Recognizing the definitions of “tempering” and “aging,” as used by the 
thors, the writer believes there might be some qualifying of these statements 
the summary : 

1. “The small amount of austenite retained in 0.8 per cent carbon steel 
iter quenching is not affected by tempering, but 1s decreased materially by 
> “Between 235 and 300 degrees Cent. in what is believed to be the 
cementite formation range, previous tempering causes no observable difference 

magnitude or time.” 

rom various sources in the literature it would appear that the rate of trans 
formation of retained austenite is exceedingly slow at 100 degrees Cent. and 

tite appreciable at 180 degrees Cent. The rates of transformation at 100 
degrees Cent. and at room temperature may be nearly identical. The authors 
mpare the results of tests on samples after 63 days at 100 degrees Cent 
d after 730 days at room temperature, It might, therefore, be interesting to 
ompare tests of samples tempered 63 days at 100 degrees Cent with those of 


imples aged 63 days at room temperature 


Oral Discussion 


Dr. C. Nuspaum:’ I am pleased to have this opportunity of making some 
ments on this method of analysis, especially in view of the fact that I think 
one of the most useful methods of research which has been almost en 

neglected by metallurgists. If you look through the literature you will 
that Honda has done most of the work in thermomagnetic analysis. Some 


has been done in England, but it was not until 1920, fourteen years ago, 


Case School of Applied Science, Cleveland 
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that investigations alone this line were undertaken in this cou 
paratus which was used in the present experiment was designed ai 
it the Bureau of Standards in the year 1920 and has since been y 
investivations, of which this is perhaps the most extensive 

1 would like to ask a question in regard to the magnetic mea 
were made prelimimary to the analysis ttselt It is assumed that all 
were imitially measured under what 1s called the same magnetizir 
that they all within limits, had the same maenetic mduction: in othe: 
if one measured the absolute value, all the imitial pomts for allt 
agreed and coincided with each other li this is not the case, then 
the given per cent of merease does not mean very much, and ever 
curve would have to be given. [ft the mitial values do not agree. thi 
place all these points relative to each other and the tinal value 
with each other much more closely or much less. Without a. stat 
the initial condition of each sample the data are definitely open to e1 

| agree m regard to the veneral interpretation of the transtor: 
hig. 3. One may call them transtormation A, transtormation B, an 
tation ¢ I do teel, however, that the curves would have beet 
wiitheant am an additional curve had been taken m= which this oper 
continuous | believe it would have given us a truer measure ot the 
of each of the transtormations 

| would like to ask as to whether any X-ray study has been n 
bemge made by any of the men at the Bureau on this problem. [It we 
that this problem, along with several others, offers an unusual oy 
lor a study by means ot rays These changes should be very detu 
dicated im any suitable X-ray picture, and probably additional imtor 
to the nature ot the transformations be obtained 

In concluding, | would like to say that many teel that micros 
thermal analyses tell the whole story in metallography and metallurgy 
ally | have been convinced tor a long time that these methods are onl 
uselul tools and that every complete metallurgical laboratory should 
addition apparatus tor thermomagnetic and X-ray analysts 

ke HE. EncGer:’ With reference to the magnetization changes 
liv. 3, L should like to ask the authors whether they have used X-ra 
or any other methods to differentiate definitely between stress rele 
tenite decomposition at the temperatures 200 and 235 degrees Cent 
held long enough at 200 degrees Cent., some, i not all, ot the retained au 
(probably 10-15 per cent) is likely to decompose and the change im ma 
tion at 200 degrees Cent. may not be entirely due to the reliet ot 
just as the increase in magnetization at 235 degrees Cent. may not be « 
due to the decomposition ot retained austenite 

With regard to the effect of the liquid air treatment, | agree will 


authors that this statement must induce stresses in the martensite muc! 


than those existing after the water quench 1 wonder if the authors | 


corded the change in magnetization of the specimen, not only trom roe 


perature up to 200 degrees Cent., but also trom temperatures neat 


Research laboratory, United States Steel Corporation, Kearny, 
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temperature li the author 


Oot 
a specimen as heated trom 


liquid ur treatment might have been demonstrated more cle 
Hi. Sryrl We pmieht throw some side lehts on these mve 
have employed in the SKE laboratory We have used 


ol this paper, treated) som 


tivations by 


ethod that we 
ind have ie lL obtamed a COPY 


mictel 
steel at LOO degrees Cent. and at 200 degrees Cent. tor a 


une type 


rnd measured the change im length contiuousty \t 100 deprees Cent 


very slow contraction to a minimum im about tour weeks and at take 
betore 1 tart to merease again \t 200 devres Cent. the 


er. tine 
decided MIC TEASE iltetr pat Wwiy thre 


much faster and there is a 
OO devrec ( ent 


ive made similar tests on other specimens, mostly at 


and with the kind help of the research Laboratori 
was determined by N-ray analysis that austenite which wa 


nine at 200 degrees Cent. gradually disappeared Phere mu 
and the change mo oerystal structure 


ol the | ; tee] 


pre ent 


t by cornne 


on between the length change 


Mr. Santord has not measured the magnetic properties at con 


rryv that 
east tia It would probably have 


per ituire and recorded them 


more mbormation 


Thi 


Authors’ Closure 


ire appreciative of the mterest taken b 


aL i the discussions, the use otf other method wed 


eter and the like has been suggested tor the purpose of checking 


ally questioned, that there is no decomposition of au 


is no doubt that usetul data would have 
isible Q)n the other 


( ent Phere been 


ation of these method had been te: 


ms reached by various mvestigator using these method 


wreement It was our thought to add such evidence as migl 


by thermo-maevnetic analysis to that already availabl 


100 dlepre 
\iter 


chanpe Wal 


he belief that austenite was not decomposed at 


iments is based upon the following consideration 


mre ( ent had been completed, no further 


perature was raised until about 235 degrees Cent. wa reached 


tarted a 


uggested, the decomposition of austenite had been 


eems reasonable to suppose that it would be completed 


ire it given suthcrent time 


urthermore, since no progressive change was observed 


35 degree Cent even with the slow heating rate 


‘ree Cent. per minute, the conclusion seems obvi 


e did take place at 200 degrees Cent. was completed at 


ling from 200 degrees Cent. no trace of the Ao tran 
| and consequently no appreciable amount ot carbice 


It is well known that freshly quenched martensite 


ladelphia 
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strain and consequently the magnetic change was attributed to ¢! 
strain 

Upon holding at 235 degrees Cent. the magnetization increase 
The formation of carbide leads to a decrease in magnetization 
reasonable explanation of the increase, therefore, is the decompositi 
tenite. No doubt some carbide was also formed because, upon cool 
was some evidence of an Ao transformation. The changes at 200) 
degrees Cent. are distinct from each other, and no progressive « 
magnetization was noted between these two temperatures. The jr 


magnetization at 235 degrees Cent. can be attributed to the decomp 


austenite. It seems reasonable to believe therefore that no decomp 


austenite took place at 200 degrees Cent. This is in accordance with 1 
of some investigators who set the temperature at which decomposition | 
high as 260 degrees Cent. If these conclusions are accepted, the othe: 
appear to follow as a logical consequence. 

The representation of the results in terms of percentages is a matter , 
convenience and seems justified, since no conclusions are based on 
values of induction or permeability. The initial values for all specimens 
larly treated were approximately the same. This was indicated by the original 
magnetometer readings. 

After some experiments in which runs were made without cooling to roon 
temperature between successive holding temperatures, it was decided that cool 
ing between holding temperatures is preferable. This procedure, which is mor 
convenient, also provides a means for demonstrating whether or not carbid 


is formed at a given temperature. 
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SEW DEVELOPMENT IN ELECTRICAL STRIP STEELS 
CHARACTERIZED BY FINE GRAIN STRUCTURE 
APPROACHING THE PROPERTIES OF A 
SINGLE CRYSTAL 


By N. P. Goss 
4 lhstrac l 


It has been found by experiment that single crystals 
of silicon steel or pure tron have extremely low hysteresis 
losses in certain crystallographic directions; however, such 
single crystal structures have the disadvantage of having 
exceedingly high eddy current losses when used in alte 
nating current apparatus, as transformers, for example. 

A new electrical strip steel has been developed which 
is fine-grained and has single crystal properties. Thes 
properties are obtained by the proper distribution of hot 
rolling, heat treating and cold rolling. The whole idea 
is based on a radical departure from present day theories 
regarding the ferromagnetic properties of single crystals 
and fine gram aggregates. 

The final strip is characterized by a grain structure 
in which the crystals are quite perfect im structure and 
are distributed entirely at random and the magnetization 
curves of these fine-grained aggregates have the same 
symmetry and magnitude as the single crystal of the same 
substance. 

This paper will show in some detail the principles 
which must be adhered to in order to develop single crys 
fal properties in fine-grained ferromagnetic materials. 


INTRODUCTION 


, | ‘HE greatest improvements in the magnetic and electrical proper- 
ties of silicon steels have been made by refinements in the melting 


practice in the open-hearth furnace and the subsequent hot working 
and final heat treatment. These refinements have reduced the watt 

to a rather low value in many instances. This has always been 
iccomplished by increasing the silicon content to a relatively high 


value; above 4 per cent. Watt losses as low as 0.32 watts per pound 


\ paper presented before the Sixteenth Annual Convention of the Society 
in New York City, October 1 to 5, 1934. The author, Norman P. Goss, 
member of the society and is physicist in charge of metals research for the 
Metal Process Co., Youngstown, Ohio. Manuscript received July 5, 1934 
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have been obtained in the 6 per cent silicon steels, but thy 
permeability and the saturation of the iron are marke: 
and from a mechanical standpoint these steels are extrem 
Vhis practically precludes their use in electrical machinery 
\s far back as 1900 Barrett, of Brown and Hatfield 
that the best magnetic steels should not have a silicon cont 
3 per cent because this quantity of silicon increased the 
softness to such an extent that the coercive force and 
were reduced to nearly half of that of commercial iron 
found that the maximum permeability was higher in these 
in the higher silicon steels. When the silicon content is gr 


3.5 per cent it becomes difficult to cold roll on a commer 


With the continued improvement in the physical properti 


hot-rolled strip material it will be as easy to cold roll th 
alloys (4 per cent silicon or more) as it is to cold roll the 3 
alloy at the present time. 

When these steels are cold-rolled on the single stat 
roller neck bearing mill they roll as readily as any low car! 
and in some instances a 3.5 per cent silicon steel has been 
a speed of 1100 feet per minute. After severe cold rolling t! 
con steels are as ductile as severely cold-rolled low carb 

he present investigation was directed mainly to a 
silicon steels containing up to and including 3.5 per cent silt 
most of the work was performed on the 3 to 3.5 per cent sili 
hut the method developed can be applied to the highet silicor 

the tea of the cold rolling of silicon steel is not new 
attempts have been made to do this over the last twenty year 
in most cases the results obtained in the final product wer 
couraging because the electrical and magnetic properties were Lot 
to be inferior to the silicon steels of the same content made | 
regular hot sheet method, and also in view of the fact that th 
results would naturally be expected in the 4 per cent or hi 
range. These steels, due to their extreme brittleness, are diffi 
to roll on a commercial basis. 

When the 3 to 4 per cent silicon steels were cold-rolled 01 
high mills it was always necessary to give many intermediate anneal 
hefore the final gage could be attained. This made the material v 


1 


expensive to manufacture. The best results obtained, at lea 


Greiner, Marsh and Stoughton, “The Alloys of Iron and Steel,’”’ McG 
lishing Co., New York City, p. 332 
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the published literature, 1s the work that has been don 
lle succeeded in cold rolling narrow high silicon steel 
taining over 4 per cent siheon and when properly heat 
obtained a watt loss of about O.54 watts per pound lle 
that the best results were obtained when the strip was given 
cold rollings followed by annealing his, he beheved, 
in increased conversion of carbide to graphite with subse 


provement in the magnetic properties. This results are con 


those obtained by several leading producers ot this material 


- PRESENT LNVESTIGATION 
4 
+ th, he object of this paper is to show that by a suitable combina 
th a f heat treatment and cold rolling a greatly improved. silieon 
5 ace can be obtained which has magnetic and electrical properties 
excess of the present day electrical sheet of the same silicon 
1 nt or even the much higher silicon steel made by the regular 
ar} ha oll method 
n rolled at the whole idea is based on a radical departure trom. present 
t] i eOries regarding the terro-magnetn properties of single cry 
rh , nd fine-grained aggregates. When hot-rolled silicon steel strip 
' , eat treated and cold-rolled under certain controlled condition 
sii an e-vrained silicon steel strip, having a magnetic moment approach 
rs ate that of a single crystal can be made. What is meant by mag 
Reon. sti moment of a single crystal will now be illustrated 
ew. Mar lt has long been known that single crystals of terro-magnetn 
— als, when studied by various methods, are characterized by 
ors h magnetic moment. In a small or ftine-gramed material ot 
were fo une substance, it has hitherto been assumed to have a zero mag 
sean tr 4 moment; and if a small magnetic moment was tound it wa 
at the best vs considered to be due to the residual pre ferred orrentation 
or high held of research the work of VP. Weis, Honda and Wunz 
tre. difficult the most outstanding They have shown by various method 
he magnetization of single crystals varies depending upon the 
aid om ty tion in which it is magnetized. In Ik. Honda’s book, “The Mag 
ate anne Properties Ol] Matter,” a complete deseription of one method 
nterial yer . estigation 1s given on page 154.) This work was done by S 
tt least a Y. Mashiyama and Honda. They prepared a number of single 
P rhe Cold-Rolling of Hich Quality Steel i ind Eisen. Vol. 44, 1924 








Theories of Magnetism 
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iron erystals in the form of oblate ellipsoids in which thi 
minor axis coimeided with various mnportant crystallogray 
tions The flat plane of these ellipsoids coimeided wit! 
portant crystallographic planes as the (100), (1 10) an 


(he magnetization of the various crystals was measure 


hallistic method and the results are shown in Fig. | he 


~ 
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Directional Magnetization in Tron Crvstal 


ments proved conclusively that the intensity of magnetization 
pends on the direction in which a single crystal is magnet 
Their results proved that these crystals were most easily magneti 
in the | | 0) Q| direction or cube edge These results have been 
stantiated by Ruder, Yersen and other leading authoriti 
subject. Ruder in particular presented an article in TRANSACTIOD 
of the American Society of Steel Treating in July, 1925, which sub 
stantiated and extended the results and findings of Kk. Honda at 
his associates, though Ruder’s method of investigation differed {ror 
theirs 

Similar results were obtained by Karl Beck* in Professor P 
Weis’s laboratory, in which single iron crystals made by the Go! 
schmidt process were investigated. He used a method differing tron 
either that of Honda or Ruder. This method, devised by P. Weis 
in which single crystals in the form of circular disks were studi 
is known as a torsion magnet. The results of his investigation 
various kinds of ferro-magnetic single crystals agreed with that 


1 


the other investigators. The writer has applied this particular met! 


of testing ferro-magnetic single crystals to the study of fine-g! 


‘K. Beck, Dissertation, Zurich, 1918 
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teels with great success his amportant method may be 


| briefly as tollows: 


Che single erystal or fine-grained aggregate in the form of a 
lisk, about the size of a dime, is suspended in a magnetic tield 
eans of a torsion suspension he magnetic field is) rotated 
the disk which is parallel to the floor and at regular intervals 
eflections of the couple are observed by means of a telescope 
cale The suspension is calibrated by means of a single erys 

ilicon steel and the deflections are plotted avatnst the variou 


readings. In big. 2 1s a photograph of the torsion magnet used 








My Torsion Magnet Used in these Studie 


lig. J is a torsion magnetization curve characteristic of a single 
tal of stheon steel about 3 per cent silicon content Vhis par 
lar crystal was removed from a regular 0.014 inch silicon steel 
and was about $3 inch in diameter. It is characterized by high 
netic moment and a curve of definite symmetry which is. simi 
to curves shown in Honda’s book, page 156, and in the Bulletin 
the National Research Council, Vol. 18. p. 188, by Professor 
unz. The symmetry of the curves of single crystals are always 
| to the orientation of crystals being studied. In nearly all 
he silicon steel single crystals investigated in our laboratory, 
s having the form of symmetry shown in Fig. 3 were obtained 
e silicon steel single crystals were grown in silicon steel sheets 


aretully removed. When the magnetizing field EL coineide: 
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with the path of easiest maduction, no detlection will dy 
for as the magnet is gradually rotated past the point | 
flection the erystal has a tendency to follow the held of 
net and 1s only prevented in doing SO by the restoring tor 
couple the maximum detlection is, therefore, only limit 
stiffness of the suspension fibre. “The maximum deflection 
side of the zero positions are noted and the magnitudes of 


lections are proportional to the iagnetic moment of the 


0 ) 
Ay 7 


Maynetization Curve of a 


on Steel 


he relationship between the magnetic moment, inte: 
magnetization and permeability are clearly described in 
book,® pages 5 and 6. A mathematical relationship does 
tween these quantities and these can be demonstrated physi 
the torsion magnet and other magnetic testing equipment, 
torsion magnet is fundamental. The greater the deflection 
viven specimen, be it single erystal or a fine-grained aggregat 
higher the intensity of magnetization; and the greater th 
ability. 

\ll the work carried out in our laboratory was done u 
torsion magnet as a basis of investigation. “The suspension 
calibration was never changed, neither was the field strength 


during the entire duration of the work. The field strength us 


° : . : ; f 4] 
was entirely arbitrary; a specimen was suspended in the field of th 


magnet and the field strength increased until no further deflec! 


SLoc. Cit 
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peciumen could be observed with imereasing tield strength 
words, the field was operated at saturation 
fie. 3 the torsion magnetization curve of the single erystal 
racterized by four maxima im a rotation of TSO degrees of thr 
lwo of these peaks are about twice as high as the other 
his means that the crystal possesses two important direc 
in which magnetization is most mtense; these directions are at 
ingles to each other,—the one having about twice the perme 
of the other \s has already been stated above, this torm 
netization curve is typieal of nearly all single silicon steel crys 
vhich are grown in silicon steel strip or sheet lwo other typ 
ion magnetization curves have been found especially in- the 
Cl Wicon steels : however, they have proven to be exception 
ne-vrained silicon steels made by the regular hot-rolled method 
torsion magnetization curves have the same symmetry but the 
etic moments are of small magnitude. 
» far it has been shown that a single silicon steel erystal is 
cterized by a high magnetic moment and the symmetry of the 
depends primarily on the orientation of that erystal with re 
t of the surface of the sheet 
Up until the present time it has been assumed that when a disk 
fine-grained silicon steel the same size as the single silicon. steel 
| is suspended in a torsion magnet and the field of the mag 
otated about the suspension it should experience a zero couple 
t. In other words, such a specimen would be characterized 
the possibility of being homogeneously magnetized in all dire 
but permeability tests on hot-rolled sheet always have a greatet 
meability im the direction of rolling. On the other hand, it was 
issumed that 1f a small couple did exist in such an aggregate 
ould mean that the small grains or crystals were not entirely 


nted at random and directional characteristics existed 


\ large number of such fine-grained specimens were examined 
ihe on 


method. The hot-rolled sheets were obtained from all ot 
leading manufacturers of 14 mil-material used in high grade trans 
ers and in not one instance was a zero torque found. Speci 
cut trom the same sheet very often were found to have a rel 
y large variation of maximum deflection but always very small 


compared to a single crystal of the same material. The ques 


uch remained opened to controversy, was, did all of these 





OF THI 1S. M 


specimens which were tested in a torsion magnet have 


properties 
X-RAY [INVESTIGATION OF [TORSION MAGNET SpEcIy 


lo prove whether or not preferred orientation existed 
specimens after testing in the torsion magnet all of them 
jected to X-ray examination, to determine whether or not 1 
orientation of the crystals existed in these torsion maern 


mens In view of the fact that none of them exhibited a Ze} 





Fig +—X-Ray Laue Diagram of Small-Grained Silicon 

Made of Regular Hot-Rolled Sheet Che Grain ur 

Oriented at Random, but a Definite Magnetic Moment Exists It 

of Small Magnitude 
in the torsion magnet but differed only in magnitude, one would e 
pect that in case preferred orientation did exist, then it should var) 
in the same ratio as the torsion magnetization curves. In other words 
from a crystallographic point of view one should expect to find 
varying degree of preferred orientation in the various specimens 
(he X-ray beam was transmitted at right angles to the surtac 


1 


the specimens and the specimens were carefully prepared by et 


ing them to 0.005 inch thick in a dilute solution of nitric acid; 
was done to prevent strain during preparation. To make the \ 


investigation as conclusive as possible, the specimens were sep 
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two groups. One group contained only those specimens which 
da relatively large magnetic moment and the other group a 
ively smaller magnetic moment. All ot these specimens were 
annealed condition. In the specimens which exhibited a rela 
. large magnetic moment not the slightest trace of preferred 
ntation could be detected. ‘The X ray definitely proved that 
ienetic moment could exist even in a small-grained silicon steel 
icterized by a crystal structure having a random. orientation 
{is the X-ray diagram of one of these specimens and Fig. 5 
torsion magnetization curve, yet the X-ray diagram conclusively 
ws that the crystal structure is random. ‘The specimen in the case 
lig. 4 was moved at regular intervals during exposure in ordet 
bring as many grains into the reflecting position as possible. It 
\-ray had not contributed another thing to the problem it proved 
rreat value in supplying this necessary information which formed 
basis of the entire investigation. With this important discovery 
a basis it was believed that it should be possible to develop nl a 
erained material magnetic moments of a greater magnitude than 
found in the present day small or fine-grained silicon steel hot-rolled 
heet. However, at the beginning of this investigation it was hardly 
asible to assume that the magnetic moment could be made to ap 
roach that of a single crystal, but this has been accomplished and 
be produced on a commercial basis. 
(he fundamental results obtained with the aid of the X-ray 
ectrograph and the torsion magnet have made it possible to pro 
a small or fine-grained silicon steel having the characteristics 
a single crystal and even 1n some cases exceeding the characteristics 
i single crystal in some respects. Not only have these two meth 
of research been able to aid in the development of this new elec 
trical strip steel but they have turned out to be indispensable as instru 
would ex ments of control in production, 
ould vary 
her words 


leTHOD OF PROCESSING ELECTRICAL Strip STEEL HAvING 
to find 


SINGI hk: (CRYSTAL CHARA( TERISTICS 
specimens 


surface 


Before any attempts are made to process the hot-rolled strip 


production it is known ahead of time just what one is to expect 


) the watt loss and permeability of the various coils of hot-rolled 


\ small quantity of the hot-rolled strip is studied in the labo 





\/ 


ratory, using several of the most probable methods which 
to the steel the maximum properties and the procedure wl 
the best results is then applied to the whole coil in the n 
Che basic principles for the production of fine-grain 
‘teel having the magnetic and electrical properties approac! 
of a single erystal are at this time firmly established and 
plied to the low and high silicon steels or similar magneti 
When these principles are followed it will be found tha 
tudes in cold rolling and heat treating are not critical but 
eral principles must be rigidly tollowed im order to. ol 
optimum results; that 1s, 11 mm the laboratory we should tin 
heat treating temperature at 1700 degrees Fahr., then th 
in the mill heat treating furnace can be anywhere from 1680 
degrees Kahr. and results will be just as good. “The cold ro 
about the same degree of variation. If we would find that 0. 
is the best intermediate cold rolling gave, then + O.O002 inch 
atfect the results in the final material; however, the general 
is to adhere to the laboratory conditions as closely as possil 


It might be pointed out that the properties of this new n 


are not influenced by the method of cold rolling. Phe san 


can be obtained whether the rolling Is Ol a regular two-high o1 
high null, however, from a commercial point of view the Steck 
of four-high cold rolling mill with small work rolls has the adv: 
in that it is able to cold roll at greater rolling speeds with great 
ductions than the regular two-high mull and the chances of 
during cold rolling are reduced to a remarkably small amount 
In view of the experience of others it was decided not 
roll silicon steel with a silicon content greater than 3.5) p 
again there were many advantages to be gained 1f a good el 
SUrIp <« ould be developed in the 3 to 3.5 per cent silicon range 
steels of lower silicon content cost less to make in the open-| 
than the 4 per cent heir magnetic saturation is higher and 
maximum permeability and the permeability at higher imduct 
are greatel lhe material is much easier to stamp because it ! 
ductile, thereby increasing the die life. On the other hand the 
t per cent silicon steels have always given a lower watt los 
new process which has been developed can produce on a com 
basis coils not having a watt loss in excess of 0.45 watts per p 
the Epstein test strips all being in the direction of rolling. | 


material the watt losses and permeability in the direction 0} 





re better than that at right angles to direction ot rolling im the 
nt state of the development 
hie © the torsion magnetization curve of this new. stlieon 
development 1s shown When compared with the torsion curve 
ingle erystal it will be seen that they nearly comeide, yet the 
in this particular material were smaller than those ot the 
rial whose magnetization curve is shown in lig 


would ly al lone StTOTY to explain 11) detail how this new 


rial was developed, and irrelevant to the subject of this paper, 


_—~ —— aoa —_—— 


the methods which must be followed in order to obtain these re 
will be discussed in some detail Hlundreds of specimens were 
epared in various ways and the magnetic moments recorded and 
of them X-rayed Phe methods of cold-rolling and heat treat 
vere carefully recorded for each specimen and the effect on the 
netic moment recorded. These experiments soon showed. that 
certain heat treatments and cold rolling would produce the de 
ble results, especially where one intermediate heat treatment wa: 
that is, in order to get magnetic moments approaching that 
ele crystals certain precautions are necessary both in the cold 
practice and especially in the heat treatment of the hot and 
rolled materials 
In the very beginning these experiments showed that the hot 
d strip would play an important part in developing a_ bette 
con steel in the form of heat treated cold-rolled strip. In some 


the processed hot-rolled strips a high magnetic moment was re 


1 
| 
( 


In other Cases performing the experiments iN) exactly the 


e way a much lowet magnetic moment was developed in the final 
“ict Continued experiment showed that the hot-rolled strip 


| only be made in a limited number of ways so as to be suitable 
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for the new process. The type of hot mill on which th 
rolled determined the heating and finishing temperature 

The hot rolled strips which pave very good results an 
which gave inferior results were studied with the torsio: 
and it soon became evident that hot-rolled strip suitable for 
ess was characterized by a limited number of torsion cu 
in regards to magnitude and to symmetry. The slabs ar 
rolled and finished at a temperature which, when tested i: 
sion magnet, will fall within the limits allotted by previou 
hot-rolled strip which gave good results. 

The proper heat treatment of the hot-rolled strip in 
obtain the ultimate results in the final product had to be inv 
It was soon found that the heating temperatures best suite 
3 per cent silicon steel were around 1600 degrees Fahi I 
instances it was possible to either box anneal the material | 
ing it a fairly rapid heating and holding it at the temperatur 
then giving it the regular slow cooling or it could be heat 
continuously in a continuous electric roller hearth furnace. |: 
eral it was found that the best magnetic properties could onl) 
veloped when the hot-rolled strip was heat treated in the conti 
ous furnace in which the rate of heating was rapid and held 
a few minutes at the temperature and then cooled rapidly. Th¢ 


of cooling is only a matter of convemience rather than an essenti 


characteristic of the process. After the heat treating operatior 


was found that if the material was cold-rolled directly to gage and 
given the final heat treatment at a temperature in excess of that o! 
annealing temperature of the hot-rolled strip only a fair magneti 
moment could be developed in the final product. Again if the hot 
rolled strip 1s cold-rolled directly to gage and given a final heat treat 
ment at the same temperature a much inferior magnetic material was 
developed. The best results are found when the hot-rolled strip which 
has the proper characteristics suitable for this process, is heat treated 
and cold-rolled to an intermediate gage and then heat treated at a 
predetermined temperature and then cold-roiled to final gage and 
again heat treated at a temperature around 2000 degrees Fahr. 1h 
rate of heating and the time at temperature are of great import 

in controlling the permeability and watt losses and the grain 

The essential features of the process are to start with the suitabl: 
hot-rolled strip and then by using the proper procedure it 1s 


stble to produce a fine or small grained material having the 1 
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ELECT RI 


moments approaching that of a single crystal his is accom 
ed by the proper distribution ot cold rolling and heat treatment 
lt has been found by thousands of experiments on the torsion 
net that the best intermediate gage varies depending upon thick 


( 


of the hot strip, its heat treating temperature, the chemical com 


i 


ition, the grain structure of the hot-rolled strip and temperature 
the manner in which the hot-rolled strip was processed, ete In 


ral the best intermediate cold rolling gare hes somewhere in 
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etween 0.025 to 0.040 inch. One of the most important steps im 

whole process, 1f an outstanding result 1s to be obtamed, 1s im 
the intermediate heat treatment. Results have shown that the in 
termediate heat treatment must be rapid and that the strip must only 


e held at the temperature a limited number of seconds in order to 
leat treal , 
et complete reerystallization and keep preterred orentation and 
terial was 
rain distortion at a minimum. ‘This is easily accomplished because 
rip which bn ek ad 
the annealed hot strip is given a rather heavy reduction before this 
at treate ' = 
heat treatment is given in which the reduction varies between 50 and 
ated al < . > cae 
SO per cent. Fora 3 per cent silicon steel the intermediate heat treat 
nt is usually from 1600 to 1800 degrees Fahr., after which the 


gage and 


ahr. The it treated strip is given a further cold rolling to gage \ssum 

nport that 0.032 inch was found to be best place to stop the iitial cold 

Te ing the best final gage in general will be approximately 0.0125 

ne Before the final heat treatment is given all of the samples of 

oa rolled strips ready for the final heat treatment are run through 
1¢@ 1 


turnace at various speeds which are known to have given best 
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results in the past. Moment tests are made of these strip 
speeds which give the best results are then applied to th 
coils 

When the hot-rolled strip is cold-rolled to final gag 
any heat treatments and tested in the torsion magnet it is it 
characterized by a high magnetic moment. When it is 
final heat treatment the magnetic moment 1s always lowere: 
amount. This is a very strange phenomenon. An X-ray j 
tion was made of these cold-rolled strips prior to the tina 
one group of which was characterized by a low magneti 
and the other by a high magnetic moment. “The N-ray di 
veal any difference in the two structures. 

\fter the final cold rolling the strip is heat treated 
at temperature is of great importance. Recently it was four 
the strip was held too long in the continuous roller hearth 
the magnetic moments were lower and the grains were 
large and the watt loss was in excess of 0.55 watts per pound 
ever, when the same strip was run through the furnace at 
greatet speed a very tine grained silicon steel resulted, chara 
by a very high magnetic moment and the watt losses were 
O46 watts per pound. This immediately illustrates how import 
it is to determine the rate of speed the strip should be run th 
the furnace for the final heat treatment. Again some strip 
be run at a slower speed in order to vet good results ln 
we usually heat treat the final strip at about 2000 degrees aly 
an electric roller hearth furnace. When made im this way th 
is free from coil set, the surface is absolutely free of pits and ts ver 
smooth and due to the accuracy to which the 4-high single stand mull 
can cold roll, the stacking factor will be very high due to the flat 
surface Chis new material is very ductile and will stand as hig! 
as 40 bends before failure which ts far in excess of present day 
steel made by the regular hot sheet method. 

In Fig. 7 is shown the magnetization curve of this material 1 
which the maximum permeability is 22,000 but permeabilities as high 
as 27,000 have already been reached. The permeability at 16,000-5 


is in excess of 2200 and we have already obtained in excess of £900 


which is about 6 to 8 times that of the present day silicon steel 


exceeds that of Ruder’s® single crystal silicon steel strips 


WN k Ruder, “‘Magnetization and Crystal Orientation.”’ TRANSACTION 
Society for Steel Treating, Vol. 8, July 1925, p. 25 
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Permeability and Magnetization Curves Comparing New Product with that 


Da Hot Rolled Sheet 


itt loss of this particular strip was O46 watts per pound when 

easured at 60 eyeles, 1O,000-B, all the strips being cut in the direc 
1 of rolling. 

\fter the final heat treatment in the continuous treating tut 

ce the material is cut to the proper size for use in electrical machin 


after which it must be given a stabilizing heat treatment; this 


ially improves the electrical and magnetic characteristics. ‘The 


itt losses are sometimes lowered or have remained the same but 
general the permeability at the higher inductions has been mark 
increased after the stabilizing heat treatment. If this treatment 
ot given to the material it will, as a rule, age; however, when the 
per stabilizing treatment is given no aging occurs. In general, 
best magnetic properties are usually found in the materials which 
ihout 0.010 to 0.014 inch thick. 





IOTIONS OF THI 


Ruder pomts out that material O.OLO to O.12 inch in 
can be handled economically m the building of eleetrical n 
without imereasing the manutacturing cost likewise it i 
to cold roll silicon steel to almost any gage on the 4-high sin 
cold rolling mills without mereasing the cost of rolling "| 
of mill also has the advantage in that the gage can be ac 
maintained to within 0.00025 inch and the shape of the stri; 
kept remarkably flat lhis naturally affects the stackine faet 
justifies a thinner gage provided the electrical and magnet 
erties are superior in all respects to the thicker material 

his material can also be supphed in gages heavier thai 
to O.OLS inch but so tar the results in general are not as good 
of the thinner material; however, heavier gages having the sany 


erties as that of the thinner material may be possible in thi 


ln Old Ball and Ruder’ pomted out that the permeability 


he better mm the direction ot rolling because the heat treatment 
entirely wipes out the clongation of the grains Phey did not 
alize that magnetic moments actually exist in the sheet im whi 
component parallel to the rolling direction is always much 
than at right angel lhis and not the elongation of the eran 
plains the difference mm permeability with and cross grain 

Spooner’ pomts out that whenever it 1s possible silicon 
hould not be used with a magnetic mduction perpendicular t 
direction of rolling since the properties are not so eood Lov the 
of this new material the results are so much better im the directs 
of rolling that wherever it ts possible the suggestions of Mr. Sp 
hould be carnmed out 

In the past it has been belreved that as the gram size ot sili 
steel merease cl, the watt losses became less and the permeability hivhes 
but in this new material the reverse is true; as the grain size becon: 
wnaller the watt losses decrease and the permeability increases. Mle 
kin and Kussman in their book on “lerro-Magnetie Alloys and Then 
Commercial Application,” Julius Springer, Berlin, 1932, after hay 
ing made a complete survey found that consensus of opinion wa 
that the coercive force and the hysteresis loss are definitely dimin 
ished by increased grain size, 


It has already been pointed out above that the X-ray method 


1 D. Ball and W I Ruder, “Eddy Current Lossc in Sheet Steel a 
tivity General tlectric Re cu Vol 17, 1914, p iN x] 


"Thomas Spooner, “Properties and Testing of Magnetic Materials,” 
Hhill Book Ce Inc., New York City 
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analvsis as applied Lo metallurgical problems Wal almost im 
able in this investigation Llowever, at this time it would 
v be possible to present the entire X-ray data collected dui 
he past three years on the development of this new magnets 
rial. Inthe near future a separate paper dealing with the X-ray 
tivation will be presented. At this time, however, a tew ot th 


interesting N-ray results will be presented 


- 
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X-Ray Crystal Structure of Tlot Rolled vinny Directs { Rollin ( 
the !.engethwise Direction of this Pape 
ketch how Manner of electin ecimet i 1 Direct I 1 baollas in 


In Kig. 8 the crystal structure of the hot-rolled strip is shown 


ray beam: was transmitted through a specmmen whieh was cut 


rallel to the direction of rolling and at right angles to the surtace 


ther words, the X-ray beam was transmitted ina transverse dire 
with respeet to the direction of rolling and parallel to the surtace 


very interesting to see the intense fiber structure which is cd 


ped even im hot rolling This is not what might be called the 


{ 


typical of the hot-rolled structures but was pore ented because 


the very sharply defined fiber structure his maternal mm the tinal 


usually gives a very excellent result) from) magnetic pomt ot 
alter the proper processing has been applied to it. Other specs 


ot the hot-rolled strip have been prepared im which the X-ray 


in) Was transmitted in a direction at right angles to the surtac 


in Which case a nearly random grain structure was typical. 


ray beam is transmitted in a direction parallel to the direc 





Hot-Rolled Strip Col 
vil Pransmitted i 


tion of rolling a very weak fiber structure appear In general 
ever, no marked orientation is found 

ln big. 9 we show the structure of the heat treated hot 
trip. In this particular instance the grains have been nearly 
pletely reerystallized and the directional properties are almo 
tirely removed. However, after a complete survey on about 20) 
rolled strips made in numerous ways and heat treated in variou 
it was tound that in order to get good results in the final p 
complete recrystallization is not absolutely necessary he pret 
1 


orientation need not be entirely eliminated but the reerysta 


must be as rapid as possible \tter the hot-rolled strip has beet 


treated it 1s subjected to cold rolling which is stopped at an 


mediate gage 








Diagram ol the leat Treated Cold R 


I} ‘ tructure ill pave CGrood Result mothe inal tri 
X\- Rav Diavram ot the lleat Treated Cold Rolled {rij Cold Rolled 1 t 
| | r t thre Final tleat Preatment \N Ra Beam i lransmitted VP 
«l 
| ria 
not ln iv. 10 the transverse structure of this cold-rolled strip 4 
irly cor vu It 1 urprising to see how intense the fiber structure 1 
MOst et In every specimen examined in this way a very intense fiber 
100 | ructure has always been found. However, when the X-ray beam 
OUS \ is transmitted at right angles to the surface a very weak fiber struc 
is usually found, but there are exception When the cold-rolled 
rele rip now heat treated this transverse fiber tructure 4 removed 
all | the grams are completely recrystallized. although in general they 
ee] k perfection of crystallinity. Under ideal conditions such. strips 
an nite the heat treated state should be characterized by a complete re 


ystallization free of grain distortion and uniform in size and 











| j 


the reerystallization must be rapid Such structures ha 
ally been obtained in practice, although the reerystallizati 
be complete some grain distortion is tound after heat. t 
e big, 11 he material atter mtermediate heat treatment 
further cold-rolled and the A-ray pattern of the material | 


in big. 12 and its heat treated structure is shown in Fig, 13 


Diagram of ‘ binished strip, O.O1 
Heth wa Nloved it Repulat liter 


he seen that mm the tinal heat treated condition the eraims ; distri 
uted at random and are nearly perfect im structure. In this partieulas 


\-ray diagram of the heat treated structure the specimen was mov 


parallel to itself during exposure to the X-ray im order to briny 


many grains ito the proper reflection position as possible, yet 
trace of preterred orientation is in evidence. We have made 
one hundred X-ray diagrams of the various. silicon steel stry 
in this way and im not a single instance did we tind any. pr 
ferred orientation. It might be well worth noting that although th 


crystal structure is most important, structures have been found 








which had a relatively small moment and naturally the mag 
properties were very poot but m combination: that is. im mate 
Ca characterized by a lngh magnetic moment am which the gram 
ture as characterized by a random: gram distribution of un 
m size and the gram size bemeg small and as nearly pertect a 

ible the best magnetic properties are always tound 
fhe N-ray has been of great value in tollowimy the efteet ot 
of heat treatment on the strips mi the variou tages ob pro 
In veneral, we have found that m every case where the tinal 
tormals exhibited a Ingh magnetic moment and those mp whiely the 
tal structure was well developed gave the best result With these 
inomuind we wall continue to improve the product by controlling 
process from the open-hearth to the finished) product im ordes 
btam as pertect a cry tal structure as posstble to produce a tin 
uned aggregate im which the magnetic moment approaches that 

i single erystal 

Lin the pore Cut priper only Cone preterred prackres hic heen cle 


hed am some detaarl leor those miterested mm the variations om the 


cedure complete detains wall be found im: | » Patent 1905559 
he author wishes to express his appreciation to ELS. lamb 


his assistance im developing the magnetometer used im these test 


DISCUSSION 


Written Discussion: Ly Jacob Kunz, protessor of plhysu University ot 
Urbana, Thine 

he results given om this paper are as umportant as they are surprismp 

Oo far been known that high) permeability is connected with singel 

tals of very pure metals. -lere on the contrary we have high permeability 


i steel contamiung over 3 per cent siheon im a fine-pramed crystalline appre 


ti Phe conditions under which this material has been obtamed are imadeed 
exacting, though commercially possible lhe temperatures have to ly 
listrib enim well defined intervals, the time of exposure to high temperature, and 
ticular tine of cooling require only a few minutes, The hot-rolled strip of proper 
mnwed racterists ! heat treated, then cold-rolled to an intermediate vare, then 
t treated, then cold-rolled to the final gage, and avai heat treated at a 
Un perature around 2000 degrees Fahr. (1150 degrees Cent.). Much depends 
yet mM i the mtermediate heat treatment, which must be rapid, in order to get com 
eC Over te reerystallization and reduce preferred orientation and gram distortion to 
striy ninimum The best magnetic properties, te, bigh permeability and low 
teresis loss, are obtained with fine grains of random distribution tree ot 
ies rtion and of umftorm size Hlot-rolled strips show intense fiber structure 
ry tine 


he X-ray photograph Cold rolling apparently destroys this fiber structure, 


md vy | reerystallization takes place in the intermediate and final heat treatment 








ICTIONS OF TI! \/ 


With respect to the crystalline aggregate there arise important 


which have not yet been answered. lor instance, if two perfect 
were Ji l alone a certain surface, how would this intermediate 
the magnetic property \nd aif the two erystal surfaces meet at 
what 1s tl nature of cementing material between the two. surfa 
material might be amorphous or crystalline In the case of the 
teel of Goss, the magnetic properties of the elementary crystals di 
much in different directions, so that if the elementary crystals forn 
rate. the magnetization in a given direction may be about the sam: 
ingle crystal, especially if the material between the crystals is erystall 
Moreover, the question arises as to the role of silecon It may serve 
purity the iron trom oxygen or tt may enter imto the gratings of the 
Mr. Goss has given only the measurements of the perpendicular 
of magnetization. He has undoubtedly measured the parallel comy 
lt is fortunate that the perpendicular component is so characteristi 
ultant properties of the material higs. 5 and 6 of Goss’s paper 
the perpendicular component of magnetization in the direction of roll 
It will be interesting to know whether the parallel component in that 
1 a maximum or whether it 1 approximately constant tor every du 
the plane ot the sheet 
Roentgen ravs tell us very little about magnetic property But 
Bradley and Rodgers’ have shown that an annealed and slowly cooled 
illoy is nonmagnetic, but on quenching trom 800 degrees Cent. (1470 
leahr.) ait) become strongly terromagnetu \t the same time. the 
chang into an entirely body-centered cubic, with a tace-centered upe 
1 wish to congratulate Mr. Goss tor the important contribut: 
with the simple methods described in his paper 
Written Discussion: By S. R. Williams, protessor of physi 
College, \mbhet a Mass 
he interesting work of Mr. Goss has opened a new field of investi 
It has completed the overthrow of our ideas about the orientation of 1 
structure as an all important factor in high permeabilities 
the work of the two Comptons’ and of Barnett® has definitely show: 
in the process of magnetization it is not the erystal which ts rotated, nor eve 
the atoms themselves. If the idea of something being rotated has any validit 
in the picture of what goes on when a body is magnetized, then it must 
referred to the orientation of a spinning electron as the elementary magnet 
Mr. Goss has gone a step farther, he has shown that the exceptional maj 
netic properties of the single crystal is not necessarily due to its configurat 
but rather due to the arrangement, location and orientation of the spinni 


electrons themselves. If the splendid magnetic properties found by M1 


; OW Rodgers, Proceedings, Royal Society of Lon 


ompton and Trousdale, Physical Review, Vol. 5, 1915, p. 315 
ympton and Rognley, P/ wal Review, Vol. 16, 1920, p. 464 

ompton and Rognley Science, Vol. 46, 1917, p. 415 

mpton and Rognley, Philosophical Magazine, Vol. 41, 1921, p j 
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the orientation of the spinning electron within the 
tructure does not control this onmentation 
innot easily picture the heat treatment a the cau 
of the spinning electrons Phe conclusion seems t 
is the chief factor which determine the magne 
Go 


here are several lines of investigation which should be tollowed 


nd heating process mav vive random distribution to the ery 


f preclude a preferred orientation ol oa a plane 


between the erystals Phe rolling process accentuates thr 
iy turn affects the hardness of the material Mechameal 
ntimately associated with the magnetic properties otf material 
call for a comprehensive study 
the effects of longitudinal and transvet 
hould be investigated more thoroughly 
the behavior of metals 
rmore, in the theories of hardin much 4 ud about. the 
lip planes.” What are its magnetic propertre 
is to be congratulated on this mmoportant contribution 
the subject of magnetic theor 
Written Discussion: by W. | Ruder, electri 
tady, N. ‘ 
the author has stated, the idea of cold rolling stheon steel for magnety 
ns is not new Phere has long been a desire on the part of users t 
product in coils for particular apphieations where the stamping 
might be speeded up, but up until recently no extended use ot strip 
nade, not because of interior quality a tated, but rather becauss 
vher cost of cold-rolled strip a compared to hot-rolled sheets ot equal 
quality Phe author's statement regarding the production ot a 
improved silicon steel” by means of the cold rolling method require 
odification 14 we are to use his value of O45 watts per pound Iepsten 
all “with the grain” samples, as a standard of comparison,  Tlot-rolled 
of equal and better quality than this, when compared on the same basi 
heen in use tor some years now Since total loss values are also depend 
thickne as well as rolling direction, direct comparison can onl 


le with material of the same thickne lor example, the value 0 


} 


per pound quoted from Pomp (S. & EK. Vol. 44, 1924) was obtamed on 


nch and cannot, therefore, be compared directly wath the 


given in the paper 
hig. 7, comparing a hot-rolled with a cold-rolled material ot 


iheon content, the eddy current lo in the cold-rolled sample, 


Science ( ) 1927, p. 306 
Soence », 1927, p 
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ind Low, Philosophical Magazine, V« 
rain, Journal de Physics, Vol. 1, 1902 
im Physical Rewiew, Vol. 33, 1911, p 
im ao -. -£ Vol. 10, 1925, p. 109 
Keehan, J. O. S. A., Vol. 11, 1925, p. 169 


and Archer, “The Science of Metals,” ¢ hapter j 
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it is thinner, 1s 0.043 watts per pound less than that of the hot 
which amount, if added to the total loss of the cold-rolled sampk 
it 0.506 instead of 0.4603 


Phe unusual shape of the magnetization curve produced by 


(Fig. 7), approaching that ot a single crystal, appears to be a di 
acteristic of cold-rolled polycrystalline magnetic material Smith, G 
Randall (British Patent ‘1930°) C| S. Patent 1,915,766 ‘1933') show 
electing the proper degree of cold reduction and combining it with 
heat treatment, a very much improved permeability could be obtaine 
netic materials of various kinds and explained their results by p 
that the high degree of preferred orientation so developed is one m 

to maenetization in the direction of rolling Our own experiment 
rolling silicon steels containing from 3 to 5 per cent silicon confir 
although at that time we had not exceeded cold reductions of 55 per 
this paper, however, the author speaks of avoiding preferred orient 
best results and deduces from his X-ray studies that he has no tra 
ferred orientation, le explains his results by a “magnetic moment” dey 
by cold rolling This “magnetic moment” test 1s in reality nothing n 

a simplified permeability test used by many investigators to determine d 
properties, which im turn must be caused by some change in the metal p: 
hy the cold rolling. Our own experiments show that above a certain ck 
cold reduction the alloy tends to recrvstallize, after annealing, into grain 
ing decidedly similar orientations Sixty to seventy per cent of th 
will have 1 1 0 planes parallel with the surface and | 0 0 axes varying 
few degrees from parallel with the rolling direction. The remaining 30 t 
per cent have | 0 0 planes parallel to the surtace and | 0 0 axes parallel to 1 
rolling direction Krom our previous work on the effect of orentat 
magnetization, referred to by the author, we find that the directional p: 
of cold-rolled strip check very closely with what we would expect fron 
orientations 

lt such a preferred orientation exists, why does not the X-ray show 
We have made many X-ray examinations with results similar to thoss 
in this papet Cold-rolled specimens show decided orientation which 
quent heat treatment apparently obliterates. Optical methods show that. the 
preferred orientation is still there lhe only explanation we have to offe 
this time is that because of the large grain-size characteristic of annealed 
allovs, the N-ray method used is not reliable he author reters in 
places to the very fine grain structure obtained. Examination of the 
of several strips which he has sent out as samples showed them to 
regular but tairly large grain-size—in most cases of the same order a 
of good hot-rolled sheets. 

In view of this close agreement we have found between the preterr 
orientation resulting from proper cold rolling and heat treatment and the proj 
erties of similarly oriented single crystals, we see no “radical departure 
present day theories of ferromagnetic properties.” 

While the author does make some reference to directional properti 
ticularly about cross and with “grain,” we feel that this needs a little 


emphasis, particularly from a practical view point \ standard I-pstem 





le pre 
ul the 


arture 


pert 
littl 


stem 


rably off a 1 0.0 face perpendicular to the direction of the flux 


Mba etl 


Per Cent 


for half the punchings cut with and halt 


rience has shown that this 1s a repre 


acro the rolling direction, and 


entative test for hot-rolled) sheet 
hecks fairly well with a ring test With cold-rolled 


trip, however, thi 
orientation, the 45-depres 
oo is poorest, Le., has lowest magnetization and highest. lo: 

this discussion ) 


o, since, because of its peculiar preterred 


In hot-rolled heets directional property also exist, and 


these are quite marked, but because of th 
these vary considerably from 
| 


urlv large lots, such a 


mm oimdividual 
variations existing im pacl 


specimen to specimen with the result that 
may bx repre ented by the 


| pstem urnaprle is com 
d with a single disk, and using halt 


with and halt cro rolling 


cirection 
these are fairly well averaged out. In 


spite of these variations, two type 
referred orientation do prevail in about equal percentage 


namely, a 1 OO 
{ parallel to the 


urface with a 1 1 0 axis parallel to the 
1 1 0 plane parallel to the surtace 
direction 


rolling direction, 
with a 1 0 0 plane parallel to the 


to the references made to the effect of 


grain-size, we have gone into 
ome detail ina paper to be pr 


ented later at this meeting. Relerence 
ide to our 1914 paper where we gave the elongation of gram 


ination for directional propertie It 


Ww 


al a po ible 


was not until about three 


vears late 
discovered the important effect of 


onientation The best permeability 
we have obtained for sing 


crvstals was a maximum value of 24000 
‘O00 at B 16,000 his 1s 


for a ervstal having an orientation still con 


{ ( lable 
Ruder ).* 
M { 


<imum permeability is not, as the author stat markedly 


nee 


reduced bys 


Ruder “Tnfluenes of Giram- Size or 


' Perrrert ic Ip 
iety for Metals, Vol. 22, No. 10, 1934, | 1120 
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of Goss Cold-rolled Strip 
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he manutacturing procedure and properties ot 





convratukated 










very clear. and it only remaims to be wished that he would vive ar 







happens mside ot bis material, which is responsible te 











that the regularity ot the Pere lattice 4 thre principal 









determines the maxium permeability and hysteresis. | of map 

lhis regularity of the space lattice could be destroved, with a 

ent effect on the magnetic properties, by one of the tollowinye thre 
| Mechameal distortion: (2) Distortion at the vram boundarn 

produced by the toreign elements, Wpurity har thre 

tal evidlenes ha been m tavor ot thi Opmon mid tor tha reason our 
been concentrated ol clamimatine threose thryre hactol | ordey { 






mnproved marnetic material 







id be imterestine to know what methods and meat Mr. Cae ser 
rolling the chemical composition of his sample lt ais known that varia 
irbon and sulphur content am stheon iron, even within thousandths ot 
ent, is lable to produce variations mo magnetic properties of the Ltn 








mortal i he deseribe 
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\ | 
condemmnime the N-rayvooan general { 


7% Ho 


dvisable to determine af the various methods of analysis have been 


Belore 









ipphed, and also aw the most has been obtained trom the ditfrac 








tern 1 hay reference to page STS im which the author deseribe 
photograms of strip steel OOS meh im thieksne Wm) which the N-ra 
been directed perpendicular to the rolling: plane of a stationary speei 






lhere were no patterns prepared with the N-ray beam parallel to) the 






plane and either perpendicular or parallel to the rolling direction In) 





there has been no attempt to rotate the specimens during exposure 





criticism is not imtended specially tor the author, as nearly all the 





onientation imvestigations im Germany and in this country. until a 





irs ago, procured results by examiming thin sheets perpendicular to the 









r rolling plane Later, the work progressed so that three direction 





ingles to each other (one perpendicular and two parallel to the sheet 





were exposed, thereby making it possible to more easily reveal pre 





entation. It is possible when a fiber structure is present to direct. the 





parallel to the fiber axis thereby procuring a random film, but an exam 





in the other directions would detect the preferred grain arrangement 





juently, | think that Mr. Goss’s remarks on pave 519, where it 1 tated 





Ve ala IRS Sp 


preterred orientation exists, should not be a emphati unles these 






uminations had been made lhe possibilities of the N-ray method 









m ¢ t \merica, Clevelan 
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certainly have not beet exhau ted, and it should be necessary §$ te 


exposure and, more iwnportant, to employ the new pol heure m 
the sheet is examined at different angles, perhaps every 5 dee 
viving a more complete story 

fhusfar my remarks have been confined to manipulation and 
but this problem has had some serious practical significance \ few 
the industrial field was startled by the imtroduction of a= special 
which wa claimed to be > UDLICE Le that no preterred orientation wa 
by large reduction Phis discovery caused all the large tabricatin 
to imitiate N-ray investigations on this new rolled metal with the 
result that the sheet rolled by this mull had as much preterred grai 
ment as any of the common two-liegh mills. The error was found to | 
able to the inadequate technique mentioned m the preceding paragt 
heet produced from the mill was not examimed in any direction « 
pendicular to the surface and the rolling direction, and no attempt 
to make a pole figure or some more exhaustive study. 

In this connection, it is interesting to note that Mr. Goss obtaine: 
conclusion which he deseribes im the present papet Hlowever, 
that this mill has a number of other advantages such as the ability 
high reductions between anneals, accurate dimensions, etc., but it wa 
introduction for the mill, and also caused the X-ray method to be revare 
skepticism by those concerned. Consequently, when the X-ray inv 
are employed, it is necessary to be certain that the possibilities of the 
aml the interpretations are exhausted Phen also, which is probably the 
this new transformer sheet steel, metallurgical transtormations and phe 
are not always accompanied by changes detectable on X-ray film Wi 
not expect too much of this new experimental and commercial tool, and 
iwny other tool or method, but the valuable information thustar procure: 
X-ray justifies a tair trial 

W. i. Ruper: | just want to point out that my apparent critict 
X-ray method is not a criticism but really a sincere question. The « 
remarks are well taken. Here we have a case where everything point 
the optical method and the magnetic properties) to a distinct preterred or! 
tion which we feel that the X-ray ought to show up and it does not. That 
why [| bring it up as a question before this meeting 

The question of taking these pictures at different angles of rotatior 


have tried that too. We have taken it at about four different angle 


that we must see preferred orientation, but these were only moderately 


ful; that is there is some indication of preferred orientation but nothing I! 
optical method shows actually exists 

R. H. Scuarrer:® My first question concerns Fig. 4, page 518. This A 
diagram supposedly shows that the crystals are oriented at random. 1 
ever, closer examination of the photogram seems to indicate that the orientat! 
may be preferred. This may be questionable, but the point is that other phot 
grams should be taken; for example, 90 degrees rotation around the 


direction 
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toe 527 a statement is found (it reters to Tip. &) ‘this is not what 


jis 


called the most typical of the hot-rolled structures but was presented 


of the very sharply defined fiber structure, whereas, other specimen 
hot-rolled strip have been prepared in which the X-ray beam was tran: 
‘na direction at right angles to the surtace and in which case a nearly 
, prain structure was typical.” In other words, preterred orientation may 
pronounced in the particular plane in which the photogram was taken 
would also like to point out, as the previous speaker pointed out, that the 
ens. although labeled small grain, seem to be otherwise, not only trom 
} methods but from the very size of the spots in the photogram W hile 
necamen has been moved to remedy this condition, the fact remains that 
wotogram still does not have enough spots to tell very much about the 
of a small degree of preterred orientation 
S. Dean.” This paper brings out very many interesting points bearme 
relation between the magnetic properties of single erystal and multi 
talline substances. In our work on magnetic separation and magnetic prop 
of minerals in the Bureau ot Mines, we have had an opportunity to 
this relationship under conditions where we can perhaps get at it more 
than in metals. We can take for example a single crystal of magnetite 
there is very little question that the crystal of magnetite 1s essentially a 
le erystal and we can literally philosophize with the hammer; that 1s we 
it with the hammer and crush it down to any desired size and we have 
the same material differing from the original crystal only im that it 1 
made up of many very small erystals. We think that those crystals ar 
eciably distotted because of the very considerable brittleness ot map 
but I do not want to get into a discussion with the A-ray people as to 
r our X-ray evidence for that is worth anything or not ln any case, 
r, we have discovered certain very clear cut relations between the recom 
magnetite erystalline solid and the original one Che relation between 
we might call internal surface or specific suriace and coercive torce 1 
linear fhe coercive force of magnetite in the ordinary crystallin 
or even ground down to 20-mesh and brought to a constant packing density 
two or three, something of that order; while if you grind that material 
get it down to a few microns in size and recompact it you will find the 
cive force is about 130 and the relationship throughout a series of crystal 
between those two is such as to show very definitely that the coercive 
is a definite function of the internal surtace. 
| have hesitated to use that word “Internal surtace’” because it sounds a 
¢ like white lamp black, but | see that in one of the May lectures ot th 
titute of Metals that term is used and defined in exactly the same way that 
have used it. Now to apply that to steel may be a little questionable, but 
ie inclined to think that the coercive force of a metal measures definitely 
distinctly its internal surface, not its grain size. There may be many 
ntinuities in the lattice which would constitute internal surface other than 
‘rain size as measured either with the microscope or the X-ray hose 
ntinuities might arise from glide planes or precipitation of impurities, [| 


sure that precipitation of nonmetallic impurities would bring about that 


Bureau of Mines, Washington, D. ¢ 
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propertie | think it would not Our re 


dicate that you take this finely vramed magnetite, say with a cor 


, 130 and put m an imert material such as finely eround. silt 


at 


gradual indication that as the electrical contact between the graii 
the coercive rorce drops to zero Phat pomt has not been fully estal 
the indications are that a nonmetallic imelusion would not increase t¢) 
foree of steel, whereas a metallic imeclusion by imereasing the inter: 
ase the coercive tores Other magnetic properties fol] 
| would preter to restrict the deduction to that) beeau 


very definite relation to surtace 


Author’s Closure 


In reference to Dr. Van Hlorn’s pertinent remarks concerning 
lure employed im the analysis of this material may | offer the folk 
X-ray specimens both im the heat treated and cold-rolled 
<amined in three directions, namely 
Perpendicular to the surtace 
Parallel to the direction of rolling 
se direction 
ln some ca arious samples were studied at various predetermine 
Phis study was made in order to tind out im which direction preterres 
tion would be expected \iter an extensive survey on many specimer 
that the strongest fiber structure occurred m= specimens which wer 
in the transverse direction; whereas, in specimens X-rayed in the other di 
tions just mentioned a weak fiber structure or completely random grain distri 
bution resulted. For convemence in this paper | have proposed to call th 


transverse direction the principle direction and it is this direction with wl 
im mainly concerned in this investigation; that is, what effect varior 
treatments have on the fiber structure developed during the courss 
rolling or hot rolling as the case might be. In the past it has been con 
necessary to give any material a very large area reduction betor 


tructure is developed. However, in the case of sthcon steels at least 


\-rayed in the principle direction | always tound that it only required an are 


reduction of 10 per cent to develop a very well defined fiber structure; wherea 
in the other two directions not a single trace of fiber structure could be detected 
Since the transverse direction was tound to be the most important msoltat 
fiber structure in concerned then nearly all X-ray specimens were prepared 
that the X-ray beam would pass through the specimen in what [| call the pru 
cipal direction shown im big. 8a ot the text 

lig. 14 wall illustrate this point; namely: that it requires very little « 
work to develop a marked fiber structure in this material 

In big ais the X-ray fiber structure of the hot-rolled strip as re 
this specimen was studied in the principle direction The graims are orien 
sharply ina very definite manner during hot rolling 

In big. 14-b the heat treated hot-rolled structure is shown In this | 
ticular instance the hot rolling fiber structure was removed; howeve! 
is not the general case as seen in big. 9-a of the text. The reason this part 


material was chosen was because heat treatment removed the fiber stru 
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developed during hot rolling and at the same time completely 1 
the hot-rolled structure This material was then given an area re 
per cent and the specimen again X-rayed in the principal directios 

Fig. 14-c shows distinctly that an area reduction of only 
definitely orients the cold-worked fragments. This 1s certainly cont 
opinion of many investigators who believe that a considerable amy 
work is required in order to orientate the grams m some definit 
direction. | found that further cold working only results in the d 
of a fiber structure as shown in Fig. 14-d in which the specimen | 
an area reduction ot 66 per cent It is evident trom this diffracti 
that the crystals have been refined a great deal more than those 
but the orientation in either case 1s the same. 

| have made a complete study of various heat treated hot 
given area reductions ranging trom 10 to 80 per cent im interval 
and this type of fiber structure is always developed without « 
only in degrec When the fiber structure shown in big. 14 4 
1700 degrees Fahr. complete reerystallization oceurs and the eran 
tributed at random about the principal direction, When the. strip 
been given the proper intermediate heat treatment is further cok 
gage somewhere between 0.010 and 0.014 inch and heat treated, a 
random grain stucture which is characterized by a high magnetic mor 
viding the proper distribution ot heat treatment and cold rolling | 
properly followed lo explain this phenomena on the basis of preferr 
tation” one surely would expect to find a very strongly developed fiber 
ture when such a specimen is \-raved normal to its surtace or when t 
men is tilted slightly with respect to the X-ray beam. ‘The specimens for \ 
examination were always moved to and fro during exposure and som 
et at various angles to the X-ray beam. exposures as long as at 
heen made and the X-ray patterns always indicate a substantially 
structure 

When I say that the grains in this material are fine or small | rete 
to the grain structure as found in silicon steel. Some manufacturer 
sheets in which the grains are '4 inch in diametet | have reserved the 
“fine grain” in the case of silicon steel to refer to grains in which the d 
Is approximately 2 millimeters or less. From what Dr. Ruder has 
discussion we would be led to believe that the results obtained in thi 


tion are distinctly characteristic of so-called controlled cold rolling a pl 


by Smith, Garnett and Randall. I have followed their procedure w 


results that the material was always characterized by a very low n 
moment of the same magnitude as found in the regular hot-rolled 
made today. The results which | have obtained are not due to cold 
alone but are only obtained when hot strip having the proper structure 
method is used and which its properly processed so that the final pr 
characterized by a magnetic moment approaching that of a single cr) 
fact, the success of this process actually depends on the proper distribut 


the hot rolling, cold rolling and heat treatment rather than only emp! 


OVW k Ruder, “‘Magnetization and Crystal Orientation,’’ TRANSACTIOD 
or Steel Treating, Vol. 8, 1925, p. 23 














' ine and the proper heat treatment Hlot-rolled sheets having a watt 
O45 watts per pound are at the present time obtamed by special selec 
ny a whole bateh and may only represent 10 to 20 per cent ot the whok 


1 i some cases the silicon content is well over 4.5 per cent and such 


nt ic noted for its brittleness and which makes it very ditheult to handle 
ni essing By this new process about 70 per cent of all the coils having 
‘ite tf Joss well under 0.45 and the remainder under 0.50 Lhe permeability of 
d + dav commercial sheets or cold-rolled strip at 16,000-B never exceed 
| here in the new product permeabilities as high as 2700 have been ob 
ct) which is as good as some of the best silicon steel single crystals. T have 
i und a marked decrease im hysteresis loss as the material becomes thinner 
led sinvle erystal characteristics are present or at least the magnet 
pat ent is large in comparison to present day materials and the grain. size 
of | ' | This I beheve 1s absolutely new 
pti \s Dr. Ruder points out the eddy currents are lowered by decreasing the 
eat 1 ni of the sheets but additional decline m eddy current | is also due to 
rat ll pram size My results show that the low watt losses are associated with 
ip \ lh magnetic moment along the paths of easiest mduction and provided the 
cold ' ire not too large and the N-ray always shows a grain structure ad 
, COT ted entirely at random in the plane of rolling Phis i a new discovery 
Moment nr e found by experiment that high magnetic moment is not related to dire 
ling | heer | properties introduced by cold rolling as Dr. Ruder believes but 1 
eferres ped by proper distribution of heat treatment, cold rolling and hot rolling 
d fiber stru only possible when the material is produced under controlled condi 
hen this sp o that the resulting magnetic moment of the material is high im com 
ens for \ n to the present day materials and in some cases approaches that of a 
ome were 3 vle erystal. | have also found that the magnetic moment and the percentage 
9 mont <U ld work are not related \t present I do not attempt to pive theoretical 
random ot nations of these fact Several interesting suggestions concerning — the 


tical aspect of the problem have always been given in the direction by 


1 I refer on! i rs Kunz and Willams and Mr. Zieglet 1 agree with Dr. Ruder’ 
furers product ‘s that the new product has very poor properties at an angle of 45 
rved the ter ees to the direction of rolling lhis is as it should be since the torsion 
h the diameter metization curves do not indicate a path of easiest magnetization to exist at 
as said in tl nigel his is ilustrated in big. 6 of the text. [| wish to point out that 
this invest ecessary to distinguish between preferred magnetic direction and pre 
iz as proposed | crystal orientation and that the former exists in this material is evident, 
dure with th . Also, a simple vector addition shows that 1f the crystals were equally 
low magnetic buted between two preferred orientations as Dr. Ruder suggests then the 
‘led sheets a to-degree direction should show much better magnetic propertie If the high 
1o cold rolling etic moment in this material is entirely due to preferred orientation then 
ucture for n id be only necessary to give the hot-rolled strip a relatively large reduc 
nal product i nd heat treated so that a strong preferred orientation would result. | 


vle crystal ne this on many kinds of hot-rolled strip in which the material gave an 
eduction ranging from 70 to 90 per cent and then heat treated at tempera 


inging trom 1600 to 2000 degrees Kahr. with the result that such mate 


distributi 


ly empha 





re always characterized by a very low magnetic moment When such 











\/ 


ved in the principal direction a marked orient 
oments are very small 
imined various hot-rolled sheets having « 
operty ind exceptionally poor magnetr properti 
the principal direction | have always tound a mark: 
ortrentation im both kind lhe results of this study wall be present 
tonal paper im the tuture a the results are not complete L inn 
oimt out at this time that the existence ot a preterred orientation 
cipal directs not mean that a high magnetic moment wall be 
material thi wans that even i preterred orientation exist 
when N-rayed ino a transverse direction the presence ot 
explain the phenomena otf low or lnigh magnetic moment 
big. Sais an X-ray diffraction pattern made ot a hot-rolled 
was characterized by a very low magnetic moment vet ito di 
preferred orientation im which the | 0 0 direction tends to li 
of rolling. When this same material is X-rayed normal to the 
ornentation is the result; big. 15-b. When this same sheet wa 
direction parallel to the rolling direction a rather il-detined 


ture was also obtained lhe torsion magnetization curve of ¢ 
material is similar to the one shown in lug, 5; that ts, the magi 
is very small Phere is another pomt which | wish to make. Wh 
trip is cold-rolled directly to gage without any heat treatment 
characterized by a igh magnetic moment; however, when it is proces 
ing to the procedure outlined im this paper the cold-rolled mater 
the final heat treatment has a very low magnetic moment or at | 
than that of the material which is rolled directly to gage Wher 
materials are A-raved in the principal direction the fiber structure 
exactly the ame yet one is characterized by a high magnetic mon 
other by ; Ww magnetic moment which m some cases is very hard t 
the basis { preterred orientation, how can this phenomena bh 
Pheretore, the presence or absence ot preterred ortentation do 
this phenomena lhis certainly complicates matters and prove 
that high magnetic moment is not associated with preterred o 

\s Dr. Ruder poimts out that hot-rolled sheets have ver 
directional properties. | have made an extensive survey 
crystals in hot-rolled sheets and find that the grains are o 
ame directions m all parts of the strip when X-rayed im the priney 
tion this study proves that the X-ray can detect preterred orientat 
it exists it is only a question of A-raying the material in the proper 
and certamly the N-ray is more definite and explicit in determina 
tions than optical methods because numerous investigators have 
the optical methods are at times misleading 

the work of Dr. Dean and his associates at the Bureau of Mine 
dered magnetite is very interesting and here again results seem t 


that preferred orientation of the grains is not an essential requirement 


explanation of the effect they have found but rather their proposed « 


of “internal surtace” in the way they have defined it surely helps exp! 


unusual phenomena 
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LATION OF CHEMICAL COMPOSTTION TO THE 
RAIL FISSURE PROBLEM 


By KARNSHAW Cook 


4 lh stra 


’ ’ , ’ 
Service data are Presented MMdticatitnag the ow 


vinter temperatures and chemical composition 
ail ASSUMING ‘ fhe { lhe ai TVCLO PT wi Of awweldgi 


/ ] 


chemical hardness by factoring the madrid ual 
the analysts ts discussed, Phe questtonab 
silicon. COa'SC grammed, raul sicel adh 


wre 


comparison with a thoroughly deovtidised 


killed, shallow hardening forging steel practice Sugges 
ions are made concerning a number of tunportant corol 
laries to vail steel manufacture which might be profitably 


meluded m investigations of service performances Lh 
nportance of confining comparisons of other mcidents of 
broduction to heats within similar ranges of chemical 


hardness ts cinphasizsed, 


CERTAIN ASPECTS OF THE Ratt Fissure PrRoRLEM 


heen said that scientific research ts accelerated CXPCTICHEE, 

the lack of exact knowledge regarding the metallurgical me 
of the causes and formation of transverse tissures im steel 
raises doubt as to the velocity with which serenee has contributed 
understanding of this subject Increasing use of electrical 
tor the detection of defective rails m actual service, together 


the reabzation of high speed transportation with specially econ 


‘ 


cted, stream-lined trams, has given additional impetus to the 


of both producers and users for the solution and control of the 


lem 


While the numbers of rails taken from track with transverse 


res is a very small percentage of the total actually im service, this 


than what might otherwise be the case, since general practice 


res that with the detection of five fissured rails in any one melt 


teel, it must be removed from the main line in its entirety his 


mary procedure of condemning heats upon individual perform 


has resulted in the removal of from 4 to 14 per cent of the total 


in the case of one important eastern railroad 


author, Earnshaw Cook, is a member of the Society, and is research 
urgist for the American Brake Shoe and Foundry Co., Chicago Heights, 
Manuscript received June 
545 
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Despite the imumerable variables of manufacture, si 
Inspection, a few definite conditions have been accepted a 
associated with transverse fissures. It has been shown, for 
that rails from certam mulls and certam heats are more 
to fissure formation: that heavier wheel loads and hivh 
trathie contribute to ther development; and that fissure 
their discovery, are associated with winter temperatures 

the cold weather effects are illustrated in Table | | 
be noted that the inversion of seasonal results with the Sper 
1933 was caused by the mspection of considerable mileages o| 
line which had not been previously meluded in the summari 
routine use of electrical methods of inspection is an important 


to the early removal of tailed rails and sater transportation 


lable | 
Report of Per Cent Pissured Rails by Months for Complete System 
R. R. “COC” Section: 105 to 127-pound 
10) 


} With Coat Without Cas With Ca 
Veo No ‘ No Per Cent No Per Cent NO Per Cey 
April l 10.6 
\la I ; l 
Paanve 5 4 
Tasks } ; | 
\ugiust l ‘ 


Until very recently the carrier compamies have insisted 


higher chenneal speeifications to obtain greater girder strength 
reduced wheel erosion which have progressively lessened the ipae! 
properties of the steel while probably increasing its inherent 


ceptibility to fissure formation in both manufacture and servic 


though the steel producers have yet made little progress im general) 
improved metallurgical practices to process this material, there seem 


to be little justification for penalizing the whole track system and 
the mills with high analyses to obtain better wearing properties on th 
curves, which are but a small percentage of the track mileage 

It is usual experience that metallurgical defects are the 1 


of combinations of unfavorable variables uniting toward a commot! 


} 


purpose; the individual effects cannot be determined until eac! 








(>| 

'" 

d)] 

rit 

init 

| 

stem 

isted upor 
eneth 

the wmpact 
herent 
TVlc \| 
ll general 
here seem 


system and 


rties on the 


Cay 

the r 

a con 
1] each ha 








£ 


Paes eae 











PHE RALL FISSURE PROBLEM 4; 
everally eliminated or controlled Consequently, most mull 
es are a series of compromises between opposing and con 
conditions such as homogeneity and product yield, hardnes 
uetility, control of piping and surtace quality, and so on 
casionally, some one condition overshadows all others and 
ts further progress until definite control has been aceom 
This circumstance appears to have been exemplitied ma 
of some 140 heats of 130-pound rails processed im 1929 tor one 
outhern railroads; transverse fissures had evidently been ce 
ed at such a rate that a considerable number of taiures appeared 


it was possible to remove all the rails trom service 


\ definite relation having been previously observed between drop 


failures and increasing “Chemical hardness,” as calculated trom 


hted index of the individual elements, it was decided to develop 


in. comparisons Concerning the prevalence Ol fissures mm com 


ble groups of heats lt was assumed that, at the mereasimey 
ri of the steel were responsible tor a tendeney toward either 


lormation Ob memrent transverse fissures during manutacture o1 


nherent lack of shock resisting properties im the material, a 
el occurrence of fissures should prevail 
Hardness numbers” for varying chemneal analyses may be ealeu 


from the usual tensile strength formulae or trom a series of 


ously cle veloped factors 





SOO + 800 (C) + 150 (Mn) + (60 + 3.6 C) (P) + SO (S) 
Ilardness  bactor 

llement rom Formula \s Used in Caleulation 

Carbon 32 ORO x BO 4100 

Manganese () 0.70 K & ft) 

Phosphoru 14 0.020 | 80 

uilphut : 0.030 x 1 () 

theon ) 0.20 x 5 100 
Hlardness No 3170 


ch case the points of each element present, as usually reported 
laboratory, are multiplied by the corresponding lactol In 

articular range of specifications, the variations of the physical 

rics tollow the hardness numbers in faithful agreement, but, 
ht be CX PCE ted, steels of widely differing COMPO! ition cannot be 
pared. ‘Phe complete applicability of the formula remains to 
en, but its use with available data indicates that it should give 
ipproaching the truth, 


ore presenting service data, it 1s well to consider the apph 


Ok Tl 


cation of the “hardn factors. to the standard cheny 


tions for L2}-pound to 140 pound rail 


| Chemical pene 


cal peciheation 


Per Cent 


especially interesting to observe that the appare 


toni carbon is practically offset by the merement of 1 


he lowest possible analysis is actually mereased while the 


mean spectheation is lowered less than one and one-halt per 


produced, a large proportion of the heats wall still be detinit 
dangerous hypereutectoid range because of the transposit 


oft higher manganese contents upon the carbon cutectord port 


Phe surprising differences im physical properties of 


trom the upper and lower brackets of the speerieation 


demonstrated by the tollowimg examples 


\ lreatment ( 


\s Rolled 
| Lib tiace 


1O00 Des 


is sotter and more duetile as-rolled than heat 


atter turnace cooling trom: L600 degrees taht Similar relats 


appear between hardness numbers and tensile strength 


rolled condition 


Heat Number Hardness Number 


*S ‘ 
'U16 
947 
JY , 

Oy? 
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ration of the hardness tactors to the first collection of treld 
which only the tated heats were available, gave an en 


tabulation of results ( Lbable TL.) 


Table Il 
Railroad A: 130-Pound Rails: 1928-1929 Rollings 


N lea 


bie cond group of heats was accompanied by more detailed 


ition, and was separated therefore into a larger number ot 


1OWIS (Table TIT.) 


Table tl 
Railroad B: 130-Pound Rails: 1929 Rolling 


No. Pleat otal Ragl 


Curve Illustrating Data 


explanation can be offered for the tremendous differences m 


entaves of heats removed from service by the two railroads 
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the quality of the steel, the severity of the service, the cor 
; 


the road beds, the methods of inspections,—each or all : 


affected the results Nevertheless, it appears definitely « 


that, even without necessarily comparable conditions for ea 

an increasing susceptibility for the formation of transvers 

is associated with heats in the higher ranges of chemical spe 

he regularly mounting increment of failures per heat is d 
evidence of the influence of harder steel upon the fissuring et 

seems especially significant that none of the four heats 
hardness numbers developed fissures, while eleven of the 

heats in the highest groups exhibited marked individual se: 

to the defect and had to be removed from the track. The unfor 
phase of the situation for the rail mill is that, for every heat 

on any one rolling below the mean carbon, the specification 
shipment of another heat above the mid-point. Until very re 

the railroads have been adamant toward any suggestion for ve 
lowering the chemical specifications. While it may have been prove: 
that higher analyses provide better wearing qualities, it might als 
be well to remember that fissured heats prematurely removed fron 
service can never be worn out in main line track. 

Serious attention should likewise be devoted to the change ot 
\.R.ELA,. silicon specifications from “O.15 per cent minimum” to 
limits, “O.10 to 0.23 per cent,” particularly where deoxidation wit! 
aluminum has usually been discouraged. Perhaps the following tabu 
lations (Tables I1V and V) obtained trom another of the easter 
roads influenced this decision: they represent summaries of the per 
centages of fissured heats embracing some hundreds of melts agai 
the usual elements of the analyses, and include steel supplied tr 
three different rail mills: 


Table IV 
Per Cent Fissured Heats: 130 Pound Rails: By Analyses: 1926 


Carbon Failures Manganese Failures Silicon 
Per Cent Per Cent Per Cent Per Cent Per Cent 
70 Max 0 0.50-0.55 90 15-0.16 
q1-.4 0 0.56-0.60 9.0 17-0.18 
76-.80 7.0 0.61-0.65 7.0 19-0,20 
R1-.8 0.66-0.70 4.0 21-0.22 
85+ 7 0.71-0.75 6.0 23-0.24 
0.76-0.80 0 25-0.26 

O.81-0.85 90 7 -(), 28 

0.86-+ 7.0 0.29.0.30 

0.314 


(Note These figures are approximate as taken from a series of small s 


= Wien Ahialentien sciatica ay. « 


This appears at first sight a serious indictment of even mod 
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i steel rails until the then standard methods of manutacture 
refully considered : these records Were compiled without regard 


variation of other elements. Where for given specifications 


equivalent weights of hot metal and terro-alloys are added to 


ce and ladle, the briefest reflection upon the practices will sug 
that the alloy yields and analyses will vary inversely with the 
‘ve oxidations of bath and slag as illustrated below for 353 rail 


tapped in this manner by one plant in the last six months ot 


Table \ 
Summary of Rail Heats by Silicon Ranges 


Silicon Carbon Manganese Phosphoru 
Per Cent Per Cent Per Cent Per Cent 
4 U6 (Ue 
UW/6 0) 
().7} 0.71 
O./ 0) 
O./, 0.73 
0.7/3 U.406 


olf 
ee : lt is at once apparent that any separation of reecarburized rail 
aa according to ladle silicons likewise seyvregates those melts ot 
ia raily higher analyses: the lower the slag oxidation, or the higher 
me recarb silicon and, or, the preliminary carbon, the higher the final 
idation witl vields become. The interesting curve of failed heats against 


! bal ilicons is also very probably a history of the effects of generally 
OWI Lbu 5 


| asing hardening elements with an aggravated susceptibility. to 
1 eastern : Si 


i ala probable ill effects of comparatively rapid cooling on the hot beds 


al wer to the objection that 200 points increase in hardness num 
elts agains ’ 


hould not necessarily account for an increase of fissured heats 


pphed trot ; ; 
bto 25 per cent an examination of the earlier tabulation of heats 


Railroad B shows an increment of 36 per cent failed heats for 
ame rise in hardness. 

(he only really comparable records which can be advanced im 
nee to the debatable silicon effect must include only heats ot 
ar hardness numbers as obtained from the data cited from Raal 


’ 
b: 


Table VI 
Comparable Range 


n, Per Cent (0.20) 0 
(19) 19 
liardness No (3070) 
t Heats Failed (48) 
t Rails Failed (0.9) 


Ria Rina eM A + 


ren mod 
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lfrom the preceding tabulation (Table VI), none of th 
effects may yet justly be said to exert malignant influences u 
fissuring properties when present in reasonable percentage 


hardness numbers are comparable. 


Other things being equal, it 1s well demonstrated in pla 


practices, for example, that freedom trom ingot cracks is di 
associated with the less coarsely crystalline primary. structu 
duced by cec reasing the silicon content of the steel from 0.30 
toward O.12 per cent at the prohibitive expense of nonhome 
and segregation, \ similar etfect is observable for rail ste 
POsItlons, but, once the Migot has been broken down, it is debata 
to whether the phenomenon persists to merease the susceptibility 
the material to fissure formation. 

In the recent American Society for Metals Symposium on G 
size, Seott' has reported that, other things being equal, increa 
additions of silicon to high carbon steel impart a tendency toward the 
erain refinement lending itself to improved impact properties after 
hardening While large inherent graim-size and susceptibility to 
deeper hardening have long been associated with silicon-killed stee! 
in the absence ot colloidal dispersions of oxides or undissolved 
carbides, it does not necessarily follow that such an effect is progr 
sive with higher silicon contents. 

\ typical cross section of a low silicon-killed ingot of rail com 
position appears im the accompanying illustration. I¢very steel plant 
that has attempted to produce the so-called coarse-gramed, norma! 
steel for heat treating or carburizing is only too familiar with the 
CXCEeSSIVE chipping costs and earbon segregation characteristic ol 
aluminum-free, low. silicon-killed heats. Before embarking upon a 
campaign for producing thousands of tons of rail ingots of thi 
generally unsound type, it would seem most important to consider the 
possibilities of carefully manufacturing a thoroughly deoxidized stee! 
tor the purpose. 

Here, as in most cases, the service requirements cannot be dupli 
cated in the laboratory, but must be developed in test track undet 
conditions of actual and comparable operation. Neither the manu 
facturers nor the railroads are yet in a position to render a decision 
as to the chemical specifications or plant practices best designed fot 
achieving the desired practical results. The low silicon experiment, 
for instance, was more or less usual practice in the mills ten years 


1 


Hloward Seott, “Factors Determining Impact Resistance of Hardened Carbon 
PRANSACTION American Society tor Metals, Vol. 22, 1934, p. 1142 
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Fig. 2. Photograph of Polished and Unetched Disk from = 21-Inch Round Cor 
vated Ingot of Low Silicon, Semi-killed Ingot Showing Defect Ladle Analyst 


Carbon 0.72, Manganese 0.76, Phosphorus 0.023, Sulphur 0.034 and Silicon 0.16 


o, and was abandoned for the express purpose ol controlling carbon 


‘rregation. Large seale, cyclical changes are frequently not com 


rable and usually undemonstrative. [excepting for special and 
stly test track installations, the performance quality of a particulat 
heat can seldom be obtained in less than three years. In view of this 
ituation, it would appear advantageous that the various co-operative 
grams supported by producers and carriers attempt to establish, 
well as may be by carefully arranged experiments, a number of 
ortant corollaries to rail steel manufacture. 
Such investigations might profitably include the following 


blems: 


At dy Rai Rents ax taes 4 Tensei ay 


(1) Development of the correct chemical specifications, based 


: weighted hardness index, to determine the best compromise be 
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tween wearing qualities and the fissuring etfect. The continu 
of a brittle, hypereutectoid steel, with Izod impact properties at 
less than one toot pound in the as-rolled condition, seems ill-a: 
Distinction in specifications might well be made between rai 
curves and straight line track 1f abrasion properties require it 

(2) With the supposition that all hardening elements |} 
to a minimum, definite comparisons should be obtained betwe 
present senu-killed, low silicon open-hearth ingots and a thor: 
deoxidized steel approaching forging quality. The work of nun 
investigators has demonstrated the deep hardening properti 
coarse-grained, silicon-killed steels. It may be that the shallow 
ening, fine-grained aluminum-killed steels may prove more res 
to both thermal strains and wheel impacts. Certainly the cai 
transformations will be favorably accelerated in rapid cooling 
present hot beds. 

(3) The virtues of inverted, hot-top ingots should be 
oughly examined in comparison with those of standard practice 
accompanying elimination of X-rails, reduction of  segregati 
seconds and bottom crop losses will go far toward balancing the 
parent additional cost of production, 

(4) The best combination of tensile strength and elongatior 
for steel in the as-rolled condition 1s usually associated with a refined 
grain-size for any standard operation. This will vary with th 
deoxidation practice in the open-hearth the total reduction from the 
ingot and the finishing temperature on the mills. An example of 
the influence of rolling mill practices upon the physical properties ot 
eutectoid steel is shown below : 


Average Finishing Pensite Per Cent Per Cent 
Temperature Strength Pounds Elongation Reduction 
Degrees Fahr per Square Inch in 2 Inches Area 

19-0 128,000 6.5 9, 
1740 133,700 11.5 Rg 3 
S10 134,000 14.0 


With a critical temperature of approximately 1350 degrees Faht 
130-pound rail sections are finished at 1850 to 2000 degrees Fahr. 1 
standard mill operations,—nearly 500 degrees above the Ac point 
he reasons advanced for this are the limited capacity and wear of 
the rolls, and the temperature differentials between the head and th 
Hanges With the necessary precautions, however, these objections 


‘ould be sufficiently circumvented by so holding the rails to th 


minimum practical temperatures before the last few mill passes as to 
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Wn ly refine the grains, thereby improving resistance to thermal 
sat 5 impact and probably abrasion. The possibilities could be 
lac , determined by service tests, which should not be discouraged 
ra vious, spasmodic, unsuccessful attempts 
e it \) Both metallurgical reasoning and the results thus far ob 
s be | verify the wisdom of expediting the tendencies of modern 
wer oractice toward retarded cooling or normalizing from above 
ore 1000 degrees Fahr. \ report of H. H. Munro*, referring to the 
nun Sperry car inspection of French railroad systems, states: “It 1s 
ert jonificant that not a single defect in a heat treated rail has been 
OW oul d so far.” ‘This evidently refers to the Oven process for slow 
res cooling on the hot beds. Permitting a susceptible, coarse-grained, 
le carbo eutectoid steel of asymmetrical section to cool rapidly and irregularly 
iw on the through both the critical, secondary and blue brittleness ranges ap 


irs calculated to induce a chilled, highly strained internal state 


he thor favorable to the formation of incipient thermal cracks. This condi 
tice. Th tion certainly existed to a marked extent mm medium manganese rails 
rregatior here few of numerous etch tests from the head failed to reveal fre 
e the ay ment longitudinal and occasional transverse thermal cracks which 


experiment proved could be visibly eliminated, at least, by slow cool 


longation It is not impossible that a common macroscopic effect in medium 
a refined manganese rails may be of microscopic occurrence for the slightly 
with the susceptible high carbon steels to act as a nucleus for subsequent 
from th fatigue failure.° 

ample of Single refinements of practice can seldom be advocated as a 
erties of panacea for metallurgical difficulties, but it would appear sensible 


that downward revision and control of the chemical specifications to 

ether with retarded cooling on the rolling mill hot beds could be 

Brinel epended upon to ameliorate the rail fissure problem. It seems ev1 
that the high analysis effect is particularly important, and that 

gical comparisons of other incidents of manufacture may be 


erly made excepting for heats within similar ranges of hardness 


es Faht ndicated by a weighted index of their alloying elements. 
Kahr. 11 
\c pom 
wear Ol 
1 and the é 
hbyections é 
J a 
< to thy * : , 24 
; Ht. Munro, Ratiway Engineer, September, 1933 
ces as ) f Davenport, E. | Roff and E. C. Bain. ‘‘Miecroscopie Cracks in Hardened Steel 
fects and Elimination,’”’ Transactions, American Society for Metals, Vol. 22, 1934, 
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MAGNETIC PROPERTIES OF IRON AS AFFECTE 
BY CARBON, OXYGEN AND GRAIN-SIZE 












By T. D. YENSEN AND N. A. ZIEGLER 





4 lhstrae f 


Ring samples of tron low in sulphur and phospho 
(less than 0.003 per cent), and with varying quantities 
oxygen and carbon prepared from ingots made in a hi 
frequency induction vacuum furnace, were carefully a 
alyzed for carbon, oxygen and grain-size after final ai 
nealing and magnetic testing. After eliminating the effe 
of grain-size (Figs. 1, 2, 3) the effect of oxygen and ca 
hon on the magnetic properties is determined (Figs. 7 an 
¥) and developed into a ternary diagram, (Fig. 9) 
means of which the net effect of grain-size is obtain 
(Fig. 10). The results are tied up with the previous paper 
(1924) on the subject by means of Fig. 13. 




























: 1924 one of the authors published a paper on the mag 
properties of the ternary alloys: iron-silicon-carbon,' givin; 
frst quantitative results on the effect of carbon, sulphur, phospho 
manganese and grain-size on the magnetic properties of these all: 
While it was stated in the paper that the results should be regat 
as a first approximation only, it is perhaps indicative of the difficulties 
involved in this problem that no new curves have been publish« 
since that time, and that the original curves can be found in 1 
recent publications, including the International Critical Tables, Th 
\lloys of Iron Monograph on Alloys of Iron and Silicon by Greinet 
and Stoughton, and in Messkin-Kussmann’s Ferromagnetisch« 
LLegierungen. Nevertheless it was strongly felt that the curves needed 
confirmation and revision on the basis of more reliable data obtat 
able by means of improved apparatus and technique and that ther 
was urgent need for including the effect of oxygen. In the per 


1925-27 the co-author in co-operation with P. H. Brace developed 









IT. D. Yensen, *‘The Magnetic Properties of the Ternary Alloys of Iron, Silicor 
Carbon,”’ Transactions, American Institute of Electrical Engineers, Vol. 43, 1924, p. 14 
















A paper presented before the Sixteenth Annual Convention of the 5 
held in New York City, October 1 to 5, 1934. Of the authors who are m 
bers of the society, T. D. Yensen is manager of the magnetic division and 
\. Ziegler until recently was research metallurgist for the Westinghouse | 
tric and Manufacturing Co., East Pittsburgh, Pa. Manuscript received Au 
4, 1934 
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ved high frequency type of induction vacuum furnace (the 
lar’ furnace) in which 7 kilograms of metal could be melted 
* pressure of 0.001 millimeter of mercury.” They also devel 
a method for analyzing gases given off by metals when heated 
1 melted in vacuum. ‘The latter was later developed into a vacuum 
sion method for oxygen determination’ having an accuracy ot 
0.001 per cent, that also served for hydrogen and nitrogen deter- 
ination. These improved apparatus, together with the previously 
scribed “Yensen” method of carbon determination, further im 
ved upon by one of the authors,* provided the means for carrying 

t the abov e purpose. 
The present report is devoted to unalloyed iron only, and will 
followed in due time by reports on iron-silicon alloys. With a 
few exceptions the samples were prepared by melting electrolytic iron 
together with the necessary addition agents either in vacuum or in 
iyvdrogen and the ingots were forged to bars from which ring samples 
inch outside diameter by 34 inch inside diameter by | inch high 

were machined. 

In preparing and heat treating iron samples, a number of factors 
nter that are difficult to control. For example, although we can 
inalyze for carbon to within +0.0005 per cent and for oxygen to 
within +0.001 per cent we cannot deliberately control the actual 
omposition within these limits. For this reason, the method in this 
case, as in the earlier investigation, was to prepare alloys as close to 
the desired composition as possible, subject them to different heat 
reatments, and to obtain magnetic, chemical and metallographic data 
mn every sample im the final state so as to be sure to have composition 
ind grain-size correspond to the magnetic test results. 

(he heat treatment consisted in annealing the samples either in 
vacuum at 900 to 1100 degrees Cent. (1650-2010 degrees Fahr.) or 
n hydrogen at 900 to 1400 degrees Cent. (1650-2550 degrees Fahr. ) 
nd tor various lengths of time followed by slow cooling in order to 


vet the particular magnetic properties desired. The principle fol 


wed is that the magnetic properties are functions of the composition 


ind structure, so that, if these can be accurately determined, reliable 


P H. Brace and N. A. Ziegler, “Applications of a High Vacuum Induction Furnace 
e Study ot Gases and Metals,’’ Proceedings, Institute of Metals Division of American 
t Mining and Metallurgical Engineers, 1928, p. 544 
Ziegler, ‘‘Improved Methods for the Analysis of Gaseous Elements in Metals,” 
American Electrochemical Society, Vol. 62, September 1932. p. 109 


Ziegler, “Recent Developments in the Analysis of Iron and Iron Alloys,”’ 
American Electrochemical Society, Vol. 56, 1929, p. 231 
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relationships for the deternnnation of the magnetic properti 
obtained irrespective of the particular heat treatment used 


The results for about LOO ring samples of unalloyed i 







’ ’ 


reported in Table I, Il, and IIT. Columns 2, 3, 5 and 6 wo} 
table give the results of the chemical analyses; Column 4 the 
of the microscopic examination, grains per square millimete: 


and Columns 7, 8, 9, lO and 11 the results of the magnetic test 










permeability tor Tl 10) 
Jamon max. permeability 











puta min, reluctivity ( ) 





AdAware 
tl coercive force Coersteds) tor B 10,000 

Wa hysteresis loss (ergs per cubic centimeter per cycle) for 
10,000 





Che sulphur content of the samples as shown by the chen 






analysis of ten samples selected at random was nearly constant 
In no case was it over O.OO3 per cent. Phosphorus and manganes 


were also present in amounts less than 0.003 per cent It should 














be noted from ‘Tables I, Il and LLL that the hydrogen and nitrogen 
contents of all the samples (Columns 5 and 6) are very low and 
unilorm lor these reasons the effect of all these elements may be 
revarded as small and as nearly constant. By disregarding them a 
constant small shift may have been introduced in the curves, but not 
sufficient to affect the results appreciably. Furthermore, grain ot 
lattice orientation which chiefly affects the high flux density pet 
meability, was not taken into account in this investigation. Th 
samples reported here all have more or less randomly oriented grain 

his leaves the three main tactors, carbon, oxygen and grain 
size, whose effect on the magnetic properties are to be determined 
from the original data as given in Table I, II, and Ill. In ordet 
to do this it was necessary to select and group together samples tot 
which two of the factors, carbon and oxygen, are nearly constant 
and then to plot curves for the third factor, grain-size, against the 
various magnetic characteristics : maximum permeability (jonax.), mn 
reluctivity (pmin.), coercive force (H,) and hysteresis loss (Wy) 
However, as minimum reluctivity is nearly proportional to the coe! 
cive force (Fig. 4) and to hysteresis loss (Fig. 5) as long as held 
within this group of materials, it is sufficient to plot curves only tor 
grain-size versus minimum reluctivity for constant carbon and ox) 


gen, as has been done in Figs. 1, 2 and 3 
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able | and Fig. 1 contain the results for the first division of 


oles with carbon less than O.002 per cent and oxygen increasing 


’ 


ve groups from less than 0.005 to 0.045 per cent 


Vable [lL and Fig. 2, similarly, contain the results for the second 


vision with carbon between O.002 and 0.004 per cent and oxygen 


increasing in 6 groups from less than 0.005 to about O.15 per cent. 


Pable IIT and lig. 3 contain the results of the third division with 
irbon between 0.004 and 0.008 per cent and oxygen increasing in six 
roups trom less than 0.01 to about 0.15 per cent 

In Figs. 1, 2 and 3 by extrapolating to N () the effect ot 
rain-size (or grain boundaries) is eliminated and the intercepts give 
he net effect of the combined carbon and oxygen content for the 
irticular group. For each division the carbon content is kept within 


narrow range so that the intercepts of the curves with the ordinate 
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of oxygen for the tollowing ranges of carbon 


o1ve the ettect 


ent: 
Q.OOTS pet cent 


than 0.002 per cent: average carbon 
| 
() OO029 pet cent 


> to 0.004 per cent; 
O.0OOS per cent; average 


( arbon kk Ss 
0.00 irbon 


QO04 to 


Carbon average 
arbon O.0053 per cent 


( arbon 


able TV 


) 
CfiIven mW 


snmarv of the results of Ttigs and 


the slope is given for each individual curve together with the 


rcepts and the average slope for each of the three divisions. 
in lig. 6 showing 


(he above intercepts have been plotted in 
inumum reluctivity versus oxygen for the above three divisions of 
bon content. Irom the intercepts of these curves with the ordinate 
net effect of carbon is obtained. This has again been plotted im 
/ together with the effect of carbon for various oxygen contents 
0.01 to O.10 per cent. From this the net effect of oxygen for 
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iffect of Grain-Size and Oxygen on Minimum Reluctivity 


(i ) for Constant Carbon Contents 
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various carbon contents, trom O.0O1 to 0.006 per cent, has been plotte 
in big. &, and finally the ternary diagram giving the combined. net 
effect of carbon and oxygen is shown in Fig. 9. In the last thre 
figures ordinates are given for coercive force and hysteresis lo 


addition to minimum reluctivity, based on ‘Figs. 4 and 5, name 
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1.004 to 0.008 0.002 to 0.12 0.50 N 10 0.027 N > N 


N 








lable VI 
Average Values from Original Data (Prom Tables 1, 


Phat 


| 
OOoO0 ( ; | 
oOo} Ov) 
OH oOO20 00) 


OOO? 


j 
I 
OOooT¢ ] 
I 


i 1 
O00] 


() 0) 
00) 
O00 


0] 


OOS50 
()t) 
1 OOOO 
0.004 


1 U06 





(TIONS OF THLE: \/ 


From the above figures it will be seen that the effect of ca 
oxygen is not additive. In the presence of oxygen from 0.0] 
per cent the effect of carbon appears to be vreatet than in the 


oroxygeen 





Oxygen 


big ’ Effect of Oc on pmin. for Constant Carbon 


In Table VI the average values for each group have been listed 
for the purpose of calculating the effect of grain-size on the basis ol 
lig. 9 and these values have been plotted in Fig. 10 together wit! 
the previously published curve® for the effect of grain-size, namely) 


pmin 0.6 x 10 " \ N 
Wn = 100 V N 


It would appear from the present results that the first power rela 


tion is more nearly correct than the 1% power, and that the effect 


depends on the carbon content. 


n, “Does Grain Size Influence the Magnetic Properties of Iron 
1, May 1930, p. 493 
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ll and 12 show respectively the net effect of carbon and 
on the maximum permeability. The highest actual value ob 
in this series was 220,000, (hysteresis loss 70 ergs) with a 


contamimng 0.001 per cent carbon, O.0O2 per cent oxygen and 





) ’ is 4 
f ¢ _ 4 ent ( f/ DO } 


Ietleet otf Carbon on pmin., Eh wn Wr tor Constant Oxygen 


Ing a grain-size of 0.63 grains per square millimeter. Wath O 
” sted ; a 
een list cent oxygen a single crystal sample contaming O.OO1 per cent 


je basis ot bon should have a maximum permeability of the order of 500,000 


‘ther with 
ther t hysteresis loss of about 20 ergs. 


Nailer) lor the sake of comparison with previous results® big. 13 has 
prepared, showing the 1924 curve for hysteresis loss versus 


bon content (broken curve), in which case oxygen was disre 


led, and the present curves for O per cent and 0.02 per cent oxy 


Che fact that the 1924 curve nearly coincides with the present 
e tor 0.02 per cent oxygen suggests that the 1924 samples with 
carbon contained in the neighborhood of O.O2 per cent oxygen 
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which is quite rea onable to assume \: 


s the carbon content 
the oxveen content 


T 
hecomes lower, and ls the ellect ot OXY 
with mereasiny carbon content the curve for O 


oxygen has been drawn in big. 13 


become I< 


] 
so as to connect the end 
present O per cent oxygen curve with the 1924 curve at O.O8 | 


carbon lis the:. we regard as the net 


effect of carbon on tl 
hagnetic properties ol 


Won C ocrcive 


foree, minimum reluctivity, 
and maxinum permeability values 


for these higher values of carb 
can be obtamned by multiplying the 


hysteresis loss values by the prope! 
factors, namely 


0.006 10° Wa 
| lod & 10 


pmin Wn 
O.Q0033 Wa 
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Irom these various curves, (bigs. 9, lO and 13) the magnetic pro 








n with Previa 


foaron with carbon and oxygen each up to O12 per cent, and 


e up to 20 vrais per square millimeter can be determined 
| 


of rehabilitv. Kor smatl amounts. of sulphur, 


batt devree 
mav still be used, 


and phosphorus the previous result 


Wa 18.000 sulphur (up to 0.06 per cent ulplout ) 


Wi 1000 X manganese Cup to 0.6 per cent manganese 
W 13.000 . phosphorus (up to QOS per cent pho TAL rus ) 
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CONCLUSION 


7, Sand 9 it appears that the effect of oxygen on the 


krom Figs 
elie properties ol iron is very great up to about O.O2 per cent, 
which point on the effect becomes inappreciable up to the limit 


present investigation, (about O.15 per cent ) The knee of the 
of ig. S is indicative of a solubility limit at about O.02 per 


xyven Llowever, other evidence pomts to the Olubilitv. of 
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oxvven im won at room Lemperatvure as hemyg below ()()] per 
that this point requires confirmation 

lhe effect ot carbon 1 less than previously thought, a 
the effect attributed to carbon 1 now tound to be due to o 


leven so, the effect of O.OOL per cent carbon is about ten time 


Q.OOL per cent oxygen Phe gradual change im curvature 


curves of Fig. Z makes it more than ever doubttul whether 
a definite solubility limit at 0.006 per cent carbon as was cor 
from the L924 investigation lt is more probable that carbo 
perhaps also oxygen 1s partly im solution and partly precy 
even at very low concentrations 

lhe effect ot gram-size appears to he proportional to th 
number, N, and to vary with the amount of nonmetallic el 
present. Although the shape of the curves differs from those 


vious mvestigations the result show the same order of mag 


DISCUSSION 


Written Discussion: [Ty \\ Ruder, Research Laborato: 
electric Co.,, Schenectady, N.Y 

It is not surprising that data, other than that published by the auth 
1924, have not been forthcoming lhe authors are to be congratulated 
patience and care involved im obtamimng data on chemical analyses of imy 
in this very low percentage range The only question ‘can raise ha 
with the validity ot using an area tor graim-size ste: a volume 
reason tor this is taken up more tully in a papet * presented later im 
week. In the same paper we call attention to the effect of orientation, a 
not heretotore considered, but one having an important effect on tests n 
samples made up of grains of large size m relation to the total sampl 

OW. Eris’: - think it may be well to emphasize the tremendous at 
1 work that 1s represented by such an investigation, the results of whuicl 
have had presented to us by Dr. Yensen. I had the pleasure of seeing some 
this work under way when | was with the Westinghouse Co. [ think it cat 
said that this represents at least ten years of almost continuous labor 

There is one question | would like to ask Dr. Yensen in regard t 
paper Does he believe that he can determine, as a result of these experim 
the amounts of oxygen and of carbon that can enter into solid solution in 
at room temperature 

N. A. ZIEGLER Che discussion of this interesting question, we were 
ing of postponing until some future date, but I might say just a tew 


about it now. In parallel with the effect of oxygen on the low density pe 


N. A. Ziegler, “Solubility of Oxygen in Solid Iron,’’ Transactions, American 
Steel Tre iting, Vol 0) LYS? }) ra 

‘Ontario Research Foundation, Toronto, Ontario 

Metallurgist, Barber Colman Co., Rockford, Il 





11 we Wive « ttl effect Ob OX 


d from the results (which are not meluded im 


m unalloved ion ha an effect on both 


radine to out View port thre low density hie hety pore 


attected by) 


i low density permeabitlty——are largely yo inpurat 
present a colloids whereas the high densit 


permeability 


present a precipitate Sinee there 4 


hese properties, | think we are justttied 
ois present m both torm What the 


7 as olid olution and 


ih 
( el 


al precipitated 


definite indication that it 1s present mo both 


ot want to vo turther mto the discussion 


will be presented at a later dat 


lL might add one remark to what Mt 


at the curve showing the relationship between o 


Vic and 
properties, you wall notice that. the 


curve has a rather sharp knee 


would not be uni 


represents the limit otf solid) solubility 
ume to be between O.OL pet 


Ol per cent and 0.02 per cent oxygen, and it CASON 
ume that this knee 


Which thes 


cent and O.O2 per cent at room tempera 


to confirm or deny that 
o refer vou to the next to the 


ne of you may have data tatement 1 would 


last paragraph Ol the 


puaper 
\DTLEI 1 would lke to ask Dh 


Yensen wo he has been able to 
relationship between gram-esize and minimum 


reluctivitvy when 
i result of tragmentation of the large 


erystals, that is by 


n the sample that would be tested had 


been cold worl ec and 
its reerystallization temperature 


YENSEN When we 
ample thoroughly betore testing \ 


deal with magnetic properties, it is essential 


test m the unannealed stat 
except perhap lor high 


den it\ property 13 
ample reerystallizes and 


we vet relatively large 


» this question is that what we | 
between vram-siz 


annealing, ot 


Wretil L dic only 


Ave obtamed 1S thr rela 


em the final state and the 
how thi prain 


le. PLARDER 


ment was mace 


Magnetic properts wr 
structure was obtamed 


In comparing the 1924 curves with the present 


that oxygen apparently had | 


effect im thos tee] 
carbon content. | wonder if there is a possibility that those steels of 


rbon content im 1924 were actually much lower in 


CULE VC. 


oxyveen content, and 
the factor involved in making those two 


r. D. YENSEN I think Dr. Hardet 
What | wanted to 


curves more nearly comeide 
perhaps misunderstood what | 
convey 1s that as the carbon « 


ontent mereases there 
less and less oxygen in the 


sample Consequently, tor 


should expect the present result 
iwree, much more arly at least 


a carbon 
| O.1 per cent, we 


md the L924 re 


than they would tor the lower carbon 
n which we know that there is a certain amount of oxy 


1 apropos I would like to suggest that 


sphere, that in dealing 


gen present 
the term “steel In 
with very low carbon 


confined to 


materials, very pure 


Director, Battelle Memorial lum 
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TRANSACTIONS OF THE A.:S. 3. 


materials. such as we do in magnetic materials, we would like to hav: 
“iron” used if possible. Would that be an unreasonable request ? 

G. C. McFarLtAnp: Where would you put the lower limit? 

Dr. T. D. YeEnsEN: Dr. Portevin* has suggested that we limit 
“iron” to the range in which the eutectoid transformation is lacking 
sequently in which there is no pearlite in the microstructure. In pur 
lovs this will be the case if carbon 1s less than about 0.04 per cent. 
high carbon content for magnetic materials of the type in which we ar 
interested, and these should therefore all be referred to as irons 
go below 0.01 per cent in order to get good magnetic properties 


Steel, Dr. Portevin suggests, should be confined to the range }j 


per cent to 1.7 per cent, and cast iron to alloys with more than this a 


carbon. 








